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INTRODUCTION 


The problems of milk secretion taken from their economic and scien- 
tific aspects may be said to be two-fold, the first phase of the subject 
dealing with the problems connected with the production of the quan- 
tity of milk, the second phase considering the quality or amount of the 
constituents per unit volume of the milk. This second phase to the 
minds of most people has come to mean for milk production the amount 
of butter fat per unit volume of the milk or the percentage of this but- 
ter fat. 

In the preceding paper of this series (GOWEN 1920) the subject of the 
variations and correlations of milk secretion with age was examined 
analytically. In this paper it is proposed to deal with the normal fluc- 
tuations and associations of the butter-fat percentage for the milk of the 
same cows used in the preceding study. 

The theorem chosen is a small part of that greater problem which has 
come to be known under the title of developmental mechanics. If a 
group of like animals are measured for any character and the measure- 
ments are brought together in a curve representing the individuals in 
the group, the position of any individual in the curve and the shape of 
the curve itself are the functions of the two basic variables, environment 
and heredity, given such prominence by the work of GaLTon (1889, 
1895). This environment may play a larger or a smaller part in its in- 
fluence on the character. In most inheritance studies of what might be 
called qualitative characters, commonly classified as the chemist classifies 
in analyzing a chemical compound for its constituent elements, as ba- 
rium present or barium absent, the environmental differences cause little 
variation in the somatic appearance of the character. In other words, 
put in quantitative terms the coefficient of variability of the character is 
low or as the physicist says the character is constant. The place of the 
individual ina curve then is due largely, if not entirely, to heredity. 

In the so-called quantitative characters the conditions are reversed to 
a certain extent. The superimposed variability of the conditions under 
which the organisms exist plays its part along with heredity in de- 
termining the place that the individual will take in the variation curve. 
Clearly in a study of the hereditary nature of such a quantitative char- 
acter a knowledge of its variation is essential to any adequate study of 
the subject. Before the milk production or butter-fat percentage of a 
heifer and an age cow are compared we must know what has come be- 
tween, for this may be and often is a part of heredity itself. 

What these investigations,—the first on milk production and the pres- 
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ent one on butter-fat percentage,—have attempted to do is to analyze the 
individual variations of the individuals in one curve in terms of their 
component parts. 


MATERIAL AND METHODS 


The material and methods used are the same as those of the previous 
paper (GOWEN 1920) save that certain of the cows kept in the early 
history of the herd were not tested for butter fat. The number remain- 
ing after these were discarded were 1713 with complete eight-months 
butter-fat percentage records. Throughout this study all of the records 
are for the first eight months of the lactations that extend at least 
through the ninth month. For the benefit of those who are unfamiliar 
with the previous paper, that part of the introduction significant to the 
data and its manner of collection is quoted. 


“The data are exceptional in the following ways: (1) The records 
extend back to the year 1897 when the herd was organized; (2) The 
animals are practically all straight island stock; (3) they have been un- 
der the oversight and direction of one manager since 1901; (4) exact 
records are kept of the milk production, butter fat and butter-fat per- 
cent; (5) many of the individual animals have records for several dif- 
ferent lactations. 

The elimination of variation caused by varying the five factors above 
in the records of cows to be used for exact analysis of the laws of milk 
and butter-fat production is important, as it has been often shown that 
such differences can influence the herd’s production. It is obvious that 
these records are free from such variables. They constitute a homo- 
geneous group of data representing the island Jersey under constant 
conditions of management and climate. 

The data used for study are all from normal healthy cows. Two 
diseases have been present in the herd, tuberculosis and abortion. The 
tuberculous animals were all eliminated early in the herd’s history by 
the use of the tuberculin test. All records from animals which were 
proven to be tubercular or which aborted were not used. Records from 
animals normally healthy but sick during a given lactation were not used. 
All of the cows have been kept in climatic conditions similar to those of 
western Virginia. 

A word as to the method of keeping the data and its transfer to this 
Station. All records are made at the time of milking, on the dairy milk 
sheet for the given cow, which is kept in the barn. The milking taking 
place twice a day the records are for night and morning. The weekly 
production taken from these sheets is transferred to the herd ledger by 
a trained bookkeeper. The total production for a given month is found 
together with the yearly production by adding the weekly totals. All 
records are recorded to pounds and tenths. The cows are tested bi- 
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monthly by the Bascock test and the percentage of butter fat is recorded 
beside its corresponding monthly milk yield. All weighings and read- 
ings are recorded immediately after they are made so there is little 
chance of inaccuracy. From these records the author has extracted 
1741 complete 8-months records of healthy cows for milk production. 
Of these 1741, 1713 have records for the butter-fat percent. The 
weighted monthly averages of the bi-monthly test have been used to 
obtain the weighted 8-months average for the 8-months lactation period 
chosen for study.” 


VARIATION OF BUTTER-FAT PERCENTAGE IN JERSEY MILK WITH THE AGE 
WHEN THE TEST WAS MADE 


The records for the mean butter-fat percentage for the 8 months of 
lactation have been calculated by the author. These records were 
formed into frequency distributions in which the class interval was 
fifteen-hundredths of a percent. Distributions were made for the fre- 
quencies of the different tests at the ages two years to three years, three 
years to four, ct seq., up to the eighth year of age. The frequency dis- 
tributions of the tests made during the ages eight and nine years were 
grouped into one distribution as were the tests made when the cow was 
ten years old or older. The data for the separate ages were gathered 
together to form the last frequency distribution presented. This dis- 
tribution may be said to represent the distribution of the butter-fat per- 
centage of all ages of pure-bred Jersey cows. Such a distribution has 
considerable value for the comparison of the records of other breeds 
and other herds with these dealt with in this paper. Table 1 gives the 
absolute and percentage frequencies of these data. 

Certain tentative conclusions may be drawn from a study of table 1 
in conjunction with figure 1 regarding the frequency distributions for 
butter-fat percentage. 

(1) The frequency polygons appear quite symmetrical. One only, at 
the ages eight to ten years, diverges noticeably from this form. In this 
respect the distribution of milk production in the previoys paper agree 
with these for butter-fat percentage. 

(2) Relative to the total percentage of butter fat produced these dis- 
tributions do not appear to have a large range. The range itself is at 
the top of the scale of butter-fat concentration of dairy cows. Thus 
these cows have as the lowest test 3.65 to 3.80 and as the highest test 
6.80 to 6.95, whereas the Holstein-Friesian (GoWEN 1920) cows have 
been shown by the author to vary between the limits 2.4-2.6 to 4.6-4.8 
in the mean butter-fat percentage of their year tests. It would seem that 
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255 
these two tests are the two extremes of the scale for long-time records 
of dairy cows. 

(3) The polygons do not change their shape with increasing age as 
was the case of the polygons for the milk production. 

(4) Each distribution appears to be unimodal although the flat-topped 
nature of the frequencies around the mode does not make this conclusion 
entirely certain. 

The chief physical constants for these data are presented in table 2. 
The four constants presented are the mean, standard deviation, coeffi- 
cient of variation and skewness. 

Several features of general interest concerning butter-fat secretion are 
evidenced by this table. These points can only be touched hurriedly as 
it is planned to take up most of them individually in later sections of 
this paper. 

The mean butter-fat percentage is the highest in the early ages at 
which the Jersey cow’s mammary gland is functioning. From this high 
point the percentage of this butter declines irregularly toward the older 
years of the cow’s life. The lowest percentage is reached when the cow 
is over ten years of age. The difference between the highest mean value 
of the percentage of butter fat occurring at three years old and the 
lowest mean value at ten years and older (5.2777 + .0204 and 
5-1339 + .0288) is 0.1438 + .0354 or the difference is 4.05 times the 
probable error. Such a difference while only mediocre, is likely to be 
significant. The point will be discussed later in connection with other 
data. The mean percentage of butter fat of these Jersey cows 
(5.2260 + .0073) agrees fairly well with that for other pure-bred 
Jerseys (5.12) published by the author in table 2 of a previous paper 
(GowEN 1919). As the data on which the 5.12 percentage was based, 
included a wide variety of conditions, climate, management, etc., it 
would appear reasonable to suppose that this figure represents a fair 
average for the Jersey breed. If such is in fact the case the average 
production of the Jerseys included in the herd studied are above those 
of the breed as a whole in butter-fat percentage contained in their milk. 
The difference is slight in absolute amount, however. 

If we examine the butter-fat concentration of the milk of the various 
breeds summarized in the table referred to above, we see that the Jersey 
stands at the top of the list of these twenty-eight breeds as to the amount 
of butter fat produced in its milk. The variation of this mean butter 
fat is between 3.05 and 5.12 percent. The Jerseys are more than two 
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percent greater in mean butter-fat percentage than are the lowest cows 
of the breed. It is especially instructive to study the distribution of 
these tests a little more closely. For this purpose the tests were grouped 
into two-tenths percent intervals. Such a distribution gives some ap- 
preciation of the hereditary factors which may be expected to occur in 
the given breed. The results of such a grouping show that there are 
two breeds, the Jersey and the Guernsey, at the top of the scale for the 
butter-fat concentration of their milk. The percentage is around 5 per- 
cent. In the other group are included the breeds of cattle with a mean 
butter-fat percentage around 3.7. Between these two groups there is a 
distinct break between a mean percentage of 4.2 and 4.6. Such a break 
is highly suggestive of an hereditary difference of at least one unit be- 
tween these breeds. In this connection the range or spread of the fre- 
quency distributions taken for each of these high-test and low-test groups 
is of interest. Taking the data from the Jerseys of this paper and the 
Holstein-Friesians of the above-mentioned paper the range of butter fat 
for the first is 3.65 to 6.95 while that for the Holstein-Friesians is 2.4 
to 4.8. As the two frequencies are not very far from normal and as 
what skewness there is is plus, it follows that the overlap of these curves 
constitutes only a small area of the total covered by them. The differ- 
ences of the two breeds are therefore quite distinct. The differences in 
the scatter of the two groups is also significant as measured by the 
standard deviation. The standard deviation for the Holstein-Friesian 
group is 0.318 + .004 and that of this Jersey group is 0.449 + .005 or 
the difference and the probable error are 0.131 + .006. Absolutely con- 
sidered the higher fat testers are more variable than the lower-butter- 
fat-percentage cows. In the Jersey or highest group no influence of 
age on the standard deviation appears to exist. 

The coefficient of variation is worth especial study as it gives us in 
comparable terms the relation between the standard deviation of a dis- 
tribution and its mean. For our problem the conclusions to be derived 
from it are, unfortunately, not so straight-forward, as we are dealing 
with the index, butter-fat percentage. Reflection on the purpose of the 
coefficients of variation will make clear that the use of coefficients of 
variation comes in ridding the coefficient of the terms in which the data 
are recorded. In other words the coefficient is made a pure number. 
This is also just what an index does, consequently the use of a coeffi- 
cient of variation of an index is somewhat like calculating the variation 
of a pure number. How much this influences the conclusions to be de- 
rived from such coefficient of variation is a matter of some doubt. That 
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258 JOHN W. GOWEN 
there is some influence is known; it is, however, altogether probable 
that this disturbance is not so great but what some conclusion may be 
drawn from the calculated coefficients of variation even admitting these 
disturbances. 

The need for such a comparison becomes especially clear in our data 
on butter-fat percentage. Here the character studied is the concentra- 
tion of the butter fat in the milk and not the total mass or pounds of 
this fat secreted for a lactation. Information is desired on the variation 
of the functioning of the cells which secrete this concentrated fat emul- 
sion in comparison with those of cells of the mammary secreting a low 
concentration of fat. Furthermore, comparison data for the variation 
of the ability of other glandular cells in their secretory activity are de- 
sirable. For these reasons it has seemed best to present coefficients of 
variation for such data realizing in so doing that too wide conclusions 
cannot be drawn from them. The data for this comparison are given in 
table 3. In this table are also included, to avoid the necessity for an 
additional table, the calculated skewness of the frequency distributions, 
as these data will be used shortly. 

The standard deviations of the butter-fat percentage of the milk pro- 
duced by the four breeds, Jersey, Guernsey, Holstein-Friesian and Ayr- 
shire, show a relation to the mean concentration of this butter fat, such 
that the breeds producing the greatest concentration have a significantly 
larger variation than do the breeds whose milk contains less fat. The 
solids other than the butter fat, contained in the milk of the Holstein- 
Friesian cows, Show approximately the same standard deviation as does 
the butter fat of this breed. Such a low standard deviation in compari- 
son to the mean solids-not-fat percentage of about two and one-half 
times the mean butter-fat percentage leads to a coefficient of variation 
of about half the size of that for the butter-fat percentage. 

The standard deviations of the percentage constituents of the egg 
parts are all higher than those for the percentage constituents of the 
parts of the milk. Thus the stadard deviations of the percentage of 
albumin in the egg is 2.75, that of the yolk is 2.70 and of the shell 1.04, 
whereas for the butter-fat percentage the standard deviations range 
from 0.32 to 0.48. This would seem to indicate a real difference in 
variability between the functioning of the gland cells of the udder of 
the cow and the oviduct of the hen. The mean percentage of the dif- 
ferent parts of the egg are considerably larger than those of the milk 
parts, however. For the percentage of yolk and the percentage of shell 
the coefficients of variation agree well with those found for the variation 
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of the butter-fat percentage. The coefficient of variation for the albu- 
min does not agree with that of the butter-fat percentage but does agree 
with that of the solids-not-fat in the milk of the cow. In the formation 
of the egg of the domestic fowl it is well known that only certain cells 
can secrete a given substance. The similar variation of the protein- 
containing solids-not-fat and the albumin portion of the egg, and the 
similar variation of the lipin portion of the milk and the lipin portion of 
the egg, calls attention to the lack of knowledge concerning the exact 
nature of this secretory activity of the mammary gland and the possi- 
bility that there may be two types of cells in this gland, of separate and 
distinct secreting function. 

Returning to table 2, no skewness is present in three of the nine dis- 
tributions. In the remaining six distributions at the different ages there 
are four in which the skewness is plus and two in which the skewness is 
minus. The frequency distributions of butter-fat percentage at the first 
three years of the lactation life of the Jersey cow are skew in the plus 
direction. This skewness increases to the fifth year of lactation. At 
this age the curves for the butter-fat percentages are symmetrical. The 
minus skewness of the eight-and-nine years of age is quite unlooked 
for. Negative skewness is on the whole, rare. Why milk production at 
these ages should change to become minus, and minus to as large an 
amount in the ninth year of age, is not clear. 

The general frequency distribution for the butter-fat percentage of 
Jersey milk has a plus skewness of rather small amount. The compari-- 
son of the skewness for these Jersey data with those of other breeds is 
given in table 3. These data show that butter-fat percentage of the four 
breeds, Jersey, Holstein-Friesian, Ayrshire and Guernsey, is plus and 
of small amount. The distribution of each breed has approximately the 
same numerical value for this constant. 

Comparison of the skewness of the other milk solids with those of 
the butter-fat percentage distributions shows that these distributions 
are equal in their asymmetry within the limits of random sampling. 

The comparison of the skewness of the percentage composition of the 
parts of the egg reveals the fact that the skewness of the percentage of 
shell is of about equal amount with those of the different parts of the 
milk. The skewness of the percentages of yolk and of albumin is slight- 
ly greater than that of any of the butter-fat percentages contained in 
the milk of the different breeds. In comparison with their probable er- 
rors the difference between these values is in certain cases undoubtedly 
significant in other cases the significance of the data is not so clear. 
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The conclusion appears justified that the frequency distributions for 
butter-fat percentage in cow’s milk are slightly asymmetrical and that 
this skewness is in the plus direction. 


ANALYTICAL CONSTANTS DESCRIBING THE VARIATION OF BUTTER-FAT 
PERCENTAGE AT DIFFERENT AGES 


The general physical constants of butter-fat percentage having been 
considered, the further analysis of the variation for this butter-fat per- 
centage requires a knowledge of the types of the frequency distribution 
which go to make up the lactation record of a cow during her life. No 
better illustration of the practical need for this information can be found 
than that given in a paper published on this subject by Reitz (1909). 
This author made a study of the inheritance of butter-fat production 
using the correlation method. Now butter fat is of course determined 
by two factors, the amount of milk and the butter-fat percentage. We 
have already shown that milk production is slightly skew in the plus di- 
rection. The data can be fitted, however, with a fair degree of accuracy, 
by a normal curve. Since the data used by Rerrz deal with advanced- 
registry Holstein-Friesian records where a correction based on the as- 
sumption of normal curves must be made for the partial truncation of 
these ¢urves by the requirements for entry, it follows that of equal im- 
portance with a knowledge of the distributions of milk production is a 
knowledge of the type of distributions of butter-fat percent. If these 
curves can also be fitted by normal curves without great error resulting, 
then and only then is the use of these corrected correlations justified. 

The data on which this paper is based is excellent for the answer of 
such problems. The constants describing the distribution at the different 
ages in a cow’s life are given in table 4. 

The constants which have thus far not been considered include those 
requiring the higher moments in their derivation. Attention may first 
be directed to the values of the Betas. The values of 8, range from 
0.0433 - .0414 to 0.3237 + .1590. In no case do these values exceed 
three times their probable errors. The values of 8, range from 
2.6113 + .2678 to 4.0557 + 1.6557. The difference of 8, from the 
value it should take for a normal curve is in no case more than two 
and one-half times its probable error. Out of the nine age groups the 
difference of 8,—3 is plus seven times and minus twice. The consis- 
tency of the sign rather than the amount of the difference leads to the 
conclusion that in general this constant for the distributions of butter- 
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fat percentage is a small plus quantity. The sign of «, is plus six times 
and minus three times for the distributions at the different ages. In 
only one case is the numerical value of «, greater than three times its 
probable error. The values of the probable errors are all quite large in 
comparison with the values of their probable errors for the criterion, 
k,, Of the type of frequency curve. 

In this respect these frequency distributions agree with those of the 
amount of milk produced by these same Jersey cows. All the constants 
of these two sets of data point to only a slight departure of these curves 
from the critical limit of more than one frequency type. This point 
is the place in the frequency surface where the use of the normal or 
Laplace-Gaussian curve is justified. 

Before determining the type to be used for these data recourse must 
be had to the probable errors of the frequency distributions themselves. 
The laborious arithmetical work that must be done to determine these 
have been much simplified by the work of RuIND (1909). With the 
help of these tables, the type of the curves chosen to fit these distributions 
of frequency is thought to be such as to give the truest representation of 
the data. 

These criteria call for the use of five different PEARSON (1905) 
frequency-type curves. The normal curve is required for three of the 
distributions; the type-four skew curve, unlimited in both directions, is 
required twice; type one, a curve limited in both directons is required 
twice; the transition types three and five limited in one direction only, 
are prescribed for one frequency each. The equations for these curves 
are given below. 

Age at test 2 years to 3 years 
x 
1.9817 


2 


x —9.6074 5.2895 tan —1 
eaane tes Sie cmeaes eé 


3.9271 
Age at test 3 years to 4 years 


y = 17.8901 (I + 


Log y = 98.046145 — 54.4158 log + — 516.7398 1/# 
Age at test 4 years to 5 years 


—1.23814+ Xx 12.2783 
y = 32.201 7¢ (1 + ———-) 
9.9172 


Age at test 5 years to 6 years 


—*?/15.1767 
4 = 32.1506¢ 
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Age at test 6 years to 7 years 


—*?/17.5625 
y = 25.8484e 
Age at test 7 years to 8 years 
a —5.8982 2.0862 tan —I ee 
y = 21.4672 (1 +.) e 1.2537 
1.571730 
Age at test 8 years to 9 years 
x 18.5614 x _ 9.0570 
y = 18.3530 (1 + ———) CE > seeeieeee 
3.2638 1.5925 
Age at test 9 years to 10 years 
x 2.5291 x“ 7191 
y = 10.0034 (1 + ——_) (3. ne sores 
1.9982 5082 
Age at 10 years and older 
—+?/17.3570 
y = 14.4901e 
Total population of Jersey cows. 
xv —Q.4032 4.1059 tan —I a an 
y = 154.207 (1 + ————) e 1.7348 
3.0094 


The histograms and the fitted curves for the frequency distributions 
of butter-fat percentage at the individual ages of the cow’s life are shown 
in figure 1. All of the areas are reduced to a percentage base so that 
the ordinates and areas of each distribution are comparable with those 
of any other distribution directly. 

The curves whose equations are given on page 264 graduate the 
data well as measured by the eye. The curve for the ninth year of age 
is quite a different shape from those of the other ages. The reason 
for this difference in shape is obscure. The lack of numbers in this 
distribution may possibly explain the difference in its shape. 

The mathematical test of the accuracy of the graduation of these data 
is given by the values of P as calculated by PEARson’s formula (PEar- 
SON 1905; ELDERTON 1901; VIGOR I9QI3). 

Table 5 shows a considerable range in the value of P. Certain of the 
curves describe the observational data very accurately. Three of the 
graduations are mediocre. If we analyze the reason for this poor gradu- 
ation further the following facts are brought out. Two curves gradu- 


Genetics 5: My 1920 





0Z61 AW 992 :@ SOILaNaDy 


‘PY a[qe} Ul UsdS JIB YDIYM JO S}UR}sUOD 3Yy} S29AIND 3dA} 
NOSUVA [JB 2 SAND payjoouls sy], “[[9M SUOIBAJasqO ay} YBNoIY} oyI4}s SaAInd payy 24], “juaptaa ayinb st ejep [eursis0 
ay} JO ApsepNsaiit sayy “afl] S,MOD ay} JNoysnosy} sues ay} Ajayeutxoidde st Saj}euIPIO [epow ay} JO WYSIaYy 2AtjEJaI ayy = ‘ade 
Jayjoue je JayjO Aue YyYM paiedwod aq ABU adv UDAIS & JO UOIINII}SIP Jey} OS JUO 0} PadNpal si 9AIND Yyoea JO vase JY] ‘aBe 
JO ivak yora 10} yptuT Aassaf Ul a8ejUadI10d }eJ-19}}Nq dy} JO UOT}EIIVA dy} Bulmoys saaind pe}iy puke sueIZO}sSIFJR—I aUNdIY 


(wo1gp}9v'T SyyUOP §) JAI Jag po] Tang abv.IaAy 


999 $09 SHS Sh Sth sot $99 209 SHS. S&H S@h S9C S69 S69 SLE SIG Soh  e 





| 


hdd e 


ieee 
axaee g 
hauenbary abnjuarlag 


Td 


ddd 























BUTTER-FAT AND AGE IN JERSEY CATTLE 267 


TABLE 5 
Values of P for the graduation of the theoretical curves to the 
observational data for butter-fat percentage 
of Jersey cattle. 








Age at test P 
2 years to 3 years 0.3182 
3 years to 4 years 0.4065 
4 years to 5 years 0.5012 
5 years to 6 years 0.9580 
6 years to 7 years 0.9921 
7 years to 8 years 0.4989 
8 years to 9 years 0.3076 
9 years to IO years 0.7195 
1o years and older 0.5008 





ating the data for the first lactation at 2 years to 3 years have two ordi- 
nates which vary in opposite directions and contributed equally a total 
of 9.19 to the x’ value. If we neglect these two features the fit becomes 
0.9036 or the rest of the graduation is most excellent. 

The graduation of the three-year distribution is only fair because of 
one ordinate, the highest. This contributes 5.57 to the x* value. With- 
out considering this ordinate the value of P is 0.7439. Neglecting this 
one ordinate seems justified for if we examine figure I it is seen that 
this ordinate obviously goes higher than the general trend of the obser- 
vations leads one to expect it to go. 

The graduation for the eight-year-olds is not quite as good as that 
for the other curves. The observational data is quite uneven. The 
smooth curve fits the rough data better than it would seem from the value 
of P, as the contribution of one ordinate when subtracted from the next 
leaves the value of P 0.4747. 

These facts make it seem that on the whole the graduation of the 
data by these type curves is better than would appear from the values of 
P taken by themselves. 

The end of the expected range of any form of frequency data has 
much of general interest connected with it. Only two of these curves 
have this limit prescribed for both ends of the range. These curves are 
for the eight-year-olds and for the nine-year-olds. Two of the theoreti- 
cal curves have the limited range at one end of the distribution. In 
both cases the end delineated is that for the low butter-fat percentage. 

For the eight-year to nine-year age group the plus and minus ends 
of the range are at 6.8043 and 1.9480 percent, respectively. These limits 
are quite inclusive. As compared with the actual data the lower limit 
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of the frequency curve is 1.85 percent lower than the actual data and the 
upper limit is .60 percent higher than the actual data. It is of interest 
to compare these Jerseys with a sample of the Recistry oF Merit ani- 
mals. In a limited sample of 1674 of these, gathered for other pur- 
poses, there were fifty whose butter-fat percentage had been determined 
on a year test between the ages, eight to nine. The end of the range 
for this set of data was 4.0 and 7.0 percent. These percentages are 
somewhat higher than would be expected for the first eight months on 
these cows. On the whole they fall in well with those of the pure-bred 
herd with which these data deal. 

The nine-year-old group has the upper and lower limit of the theo- 
retical curve prescribed at 6.01 and 3.44 percent. The upper limit is 
very close to the end of the actual data. The lower limit 3.44 is 1.5 
percent larger than is the limit for the eight-years-of-age. The 
REGISTRY OF Merit data similar to those mentioned for the eight- 
year-olds, show a range of 4.4 to 6.8 for the percentage in the year 
tests. The individual butter-fat pergentages of these data are undoubt- 
edly too high for the eight-months period of the same lactations. They 
do point to a difference in range of these Recistry oF Merit animals 
from that of these data. The reason for this difference is in all prob- 
ability to be found in the relatively few individuals contained in our 
data for the nine-year-old cows. 

The lower limit of the range in the three-year-old group is quite simi- 
lar to that of the eight-year-old group, 1.87 to 1.95. The lower limit 
of the four-year-old group agrees with that of the nine-year-old group. 
In either case these limits appear to be quite inclusive of the known data 
on Jersey cows. 

All the curves (save the seven years of age) of butter-fat percentage 
at the different ages are of the mesokurtic type, as the values of B.—3 
are small and in each case are less than the probable error of 8.. The 
seven-year-olds have a kurtosis of over one in the plus direction. The 
value is, however, small in comparison with its probable error. The 
kurtosis is plus in eight of the nine age groups. 

The variation curve and its constants for the total population of Jer- 
sey cattle is of considerable interest both for itself and in comparison 
with similar curves for other breeds of cattle. Table 4 gives the neces- 
sary constants for this calculation of the frequency curve suitable to 
fit the data. Figure 2 shows these data graphically. 

The theoretical curve for these data is type IV as the values of B, 
and £, are such as to lead to a x, of 0.0563. The curve is significantly 
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Ficure 2.—Histogram and fitted curve showing variation of butter-fat percentage 
that may be expected to occur in a pure-bred Jersey without regard to age. It is 
evident that the curve strikes through the observations well. The slight positive 
skewness of the distribution is quite evident. 
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skew in the positive direction. The question arises whether this type 
of curve is typical for all breeds of milk-producing animals. Vicor 
(1913) has furnished some information on the Ayrshires of Scotland 
which are comparable with these data save that the animals are from a 
large variety of farms. The constants for these data are 8, = 0.1104, 
2 == 3.2470 leading to a x, of 0.5231. This curve is consequently of 
type IV, also. Other data of somewhat less value, as they have been 
subject to some selective influences have been tabled for Holstein-Frie- 
sian cows by the author (GowEN 1920). The data on Holstein-Friesian 
cows’ lead to values of 8, == 0.1432 B, == 3.6752 and x. = 0.1214. 
These data call for the same type of curve as that for this pure-bred 
Jersey herd. It would seem from constants for butter-fat percentage 
that these curves belong to the type IV group. Unfortunately this con- 
clusion does not hold for some unpublished data on the pure-bred ad- 
vanced-registry Guernsey cows. The constants 8; = 0.0581, 8, = 3.0468 





2It should be mentioned that the distributions of either the Holstein-Friesian but- 
ter-fat percentage do not show any evidence of truncation due to the butter-fat re- 
quirement for entry of these curves into their respective herd books. It is probable 
therefore, that these records are but little influenced by this requirement. 
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and x, = — 0.5472 leading to the type I curve. These data are, of course, 
subject to the same limitations as are the data on the Holstein-Friesians. 
These values of the Betas are such as to lead to a value of «, which is 
not significant in comparison with its probable error. Also the value 
of the probable error of «, is very large, consequently it is likely that 
other types of curves than the type I indicated by the criterion would 
fit the data well. The case of the distribution of Guernsey butter-fat 
percentage must, however, be considered against the conclusion that the 
distributions of butter-fat percentage in cow’s milk irrespective of age 
and breed all belong to the type IV group of curves. 

The frequency curve for the percentage of the solids-not-fat contained 
in the Holstein-Friesian milk is of interest as it is on the variation of 
the albumin and sugar concentration of the milk. The constants for 
this distribution are 8, = 0.2114, B, == 3.9872 and «x, = 0.1257 lead- 
ing toa type [V curve. The variation of the concentration of the other 
solids than the butter-fat percentage of cow’s milk is consequently en- 
tirely similar in type with that of the butter-fat percentage of Holstein- 
Friesian milk. 

With these facts in mind the justification for treating the distribu- 
tions of butter-fat percentage as normal may be considered. The dis- 
tributions have been shown to be slightly skew. The skewness is not 
enough to make a large error if the distributions were considered nor- 
mal. The constants for the distribution deviate only slightly from 
those required for the normal curve. These facts make it likely that 
no grave error would creep into the determination of parent-and-off- 
spring correlation by the method for doubly truncated data which has 
been used by Reitz (1909). 





THE, CORRELATION OF JERSEY EIGHT-MONTHS BUTTER-FAT PERCENTAGE 
WITH AGE OF THE COW AT COMMENCEMENT OF TEST 


Increase in age of the cow from the time she is a heifer to the time 
she is at her maximum productivity at 7 years has been shown to bring 
about a logarithmic increase in the quantity of eight-months milk pro- 
duced by that cow. The effect of increasing the age of the cow on the 
quality is of equal interest to the student of the physiological behavior 
of the mammary gland. The data for this comparison in the herd of 
pure-bred Jersey cows with which this study deals are shown in table 6. 
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The correlation and its accompanying constants for these two vari- 
ables are as follows: 
r= —0.1126 + .O161; 7 = 0.1478 + .0159; 7°—7* = 0.0092 + .0031 

From these constants it is clear that’there is a slight significant relation 
between the age of the cow and the concentration of the butter fat con- 
tained in her milk. The value of » corresponds well with that of r ex- 
cept that it is different in sign as » by its derivation is a positive quan- 
tity. The regression is clearly a linear one as the values of the constants 
to measure the linearity (7’—+*) are less than three times their probable 
error (0.0092 + .0031). 


Mean Butter Fat Per cent 





Age at Commencement of Test (Years and Months) 


Ficure 3.—Diagram showing the observed means and theoretical means for Jersey 
butter-fat percentage of eight-months milk at any given.age. The observed means 
are calculated from table 6. The curve as a whole describes the observations well. 
The actual means are represented by the small circles. 


Figure 3 shows the means of the butter-fat percentage for each suc- 
cessive array of age calculated from table 6. The equation to these 
means is easily determined from a knowledge of the correlation and the 
standard deviation of the two variables. When the suitable calculations 
are made the equation is shown to be: 

Butter-fat percentage —= 5.3320 — .OIQI X age at test. 

A glance at the figure shows that the fit of this line is very good. 
The value of P, calculated by the method of SLutsKy (1914) except 
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that the calculated standard deviations are used in place of the observa- 
tional, is 0.8715 or the fit is very good. 

These facts lead to the following law governing the action of the 
mammary gland in these Jersey cows: As the age of a given cow ad- 
vances the relative capacity of this cow to secrete butter-fat decreases by 
a small but significant amount. 

The curve for the variation (standard deviation) of these data at each 
age is shown in figure 4. The small number of observations in the older 
ages makes this curve quite irregular. Its general trend seems to be 
that of a line with a slight downward slope. The observation at twelve 
years and three months of age is clearly abnormal. This is undoubtedly 
due to lack of numbers in this class and also in the other older class. 
Before attempting to describe these data by any theoretical function it 
seemed best in view of these facts to use the first smooth of the obser- 
vational data from the age of eleven years and three months. The ob- 
servations by this point were considered too scanty to warrant using 
them in the calculations. The linear nature of the curve calls for a 


linear function. The line determined from the data by the least-square 
method is shown in figure 4. 


Standard Deviation of Butter Fat Per cent 





Age at Commencement of Test (Years and Months) 


Ficure 4.—Observational and theoretical curve for the standard deviations of but- 
ter-fat percentage for the successive ages at which the lactation commenced. The 


theoretical curve is a linear function. The data on which this curve is based are 
seen in table 6. 
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The equation of this line is 

Standard deviation of butter fat of given age = 0.4567 — .0009 X age 
given. 

These curves clearly show a very slight downward trend of the stan- 
dard deviations with increasing age of the cow. Since the means also 
decreases and as a decrease would be expected in the standard deviation 
if the means decrease, it is doubtful if any great significance can be 
attached to this decrease in the standard deviations. 

In comparison with the previous curves on the milk production for 
the same cows plotted on the same age basis (GOWEN 1920) the curve 
for the butter-fat percentage shows that while the milk production rises 
logarithmically to a maximum and then falls off more slowly, the butter- 
fat percentage actually is slightly decreasing in this milk, as the age in- 
creases. This means that while the mass of butter fat produced by a 
cow follows in general the same kind of function as does the milk, there 
is this difference, viz., the butter fat relative to the milk is always de- 
creasing slightly in amount. 

This fact of a slight negative correlation and a consequent decline in 
the mean butter-fat percentage produced with the advancing age of the 
Jersey cow ‘is interesting in comparison with the known facts for other 
breeds. As previously shown by the writer (GOWEN 1919) the corre- 
lation between age and butter-fat percentage for the year-test Holstein- 
Friesian cows is — 0.0546 + .o181. Vicor has shown the correlation 
between these same variables to be — 0.2744 + .0255 for Ayrshire 
cattle (the author has checked the result and found it correct). From 
unpublished data of the writer the correlation of advanced-registry 
Guernsey cattle for these same variables is — 0.1174 + .0134. The 
correlation for the Jersey is equal to — 0.1126 + .o161. Two of these 
correlations are based on advanced-registry data and may be considered 
as subject to a selective influence on the data. The distributions do not 
look as if such a disturbing factor had been present as there is no evi- 
dence of truncation and as shown in a previous part of the paper the 
frequency constants agree quite well with those of the Jerseys and Ayr- 
shires known to be untruncated. It seems therefore that the constants 
above should be directly comparable as to the relation of age and but- 
ter-fat percentage of these breeds. 

The Jersey correlation coefficients do agree very closely with those of 
the Guernseys. The Ayrshires do not agree at all with any of the other 
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breeds for difference of the correlations of Ayrshire and Jersey is 
0.1618 + .0301 or 5.4 times its probable error. The multiple times the 
probable error is greater for the Holstein-Friesians. The Holstein- 
Friesians correlation coefficient compared with that of the Jerseys is 
probably not significantly different as it is only 2.4 times the probable 
error. The correlation for the Holstein-Friesian age and percentage of 
butter fat produced is probably not significant. 

The Ayrshire results are obtained under the conditions of Scotland, 
whereas the other results are on cattle kept in this country. This may 
possibly account for the difference in influence of age on butter-fat con- 
centration of Ayrshire cows as compared with these other breeds or it 
may equally well mean that the Ayrshires are innately différent from 
the other breeds. 

The correlation for the Holstein-Friesian in comparison with the cor- 
relation for the other breeds is small. It does show the same sign as 
the other correlations. 

These considerations taken together lead to the conclusion which may 
be expressed tentatively as follows: Each increment of time added to 
a cow’s life causes a slight decline in the concentration of butter fat 
that the cow’s mammary gland can secrete into the milk. 


THE CORRELATION BETWEEN THE BUTTER-FAT PERCENTAGE OF ONE LAC- 
TATION AND THAT OF SUCCEEDING LACTATIONS 

Up to this point the discussion has been entirely directed toward the 
analysis of the influence of age on the percentage of butter fat pro- 
duced in a given lactation and the variability of this butter-fat percent- 
age. In the present section the phase of the problem dealing with butter- 
fat percentage of one lactation in relation to that of another lactation will 
be considered. 

Little or no analysis based on concrete data has been made on this 
problem, yet obviously on a knowledge of these relations depends the 
justification for many of the practices now extant in dairy husbandry 
as well as laying the foundation for the solution of many problems 
connected with the secretion-of-butter-fat percentage itself. The exist- 
ing information concerning butter-fat secretion is largely empirical. It 
is commonly said that the great butter-fat-producing machines of to- 
day are due to the use of such methods by these cattle breeders. In 
the widest sense this is no doubt true although such a mode of procedure 
tells us nothing about the biological factors underlying the advance in 
butter-fat percentage, or the laws by which it is governed. In such 
cases chance and luck play a very important part in the improvement. 
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It is in the removal of these disturbing factors and making the im- 
provement less haphazard that exact numerical analyses find their place. 
The solution of the problems connected. with butter-fat production are 
complex and need to be approached from many angles. This section 
of the present investigation was undertaken in the hope that some knowl- 
edge of the intra-individual variation with regard to the relative concen- 
tration of this butter fat from lactation to lactation would throw some 
definite light on these problems. The homogeneous nature of the ma- 
terial is especially favorable to this problem. 

Naturally the problem resolves itself into a study of the relative 
strength and precision of action of the inherited complex possessed by 
the cow working in conjunction with and in opposition to the environ- 
mental changes. If heredity plays a large part in the production of a 
cow the position of the cow in the frequency curves discussed in the 
earlier part of the paper will remain approximately the same from lac- 
tation to lactation; if on the other hand inheritance of butter-fat pro- 
duction is weak in comparison with the influence of the shifts in en- 
vironment, the position of the cow in our frequency curves will change 
materially from lactation to lactation. The preliminary steps in this 
analysis should include a study of each population for each of the com- 
pared distributions to be sure that the samples are the same as those of 
the whole population for butter-fat percentage of all cows’of that age. 

The reason for this is made quite clear by considering an example. 
Suppose a population of Jersey cows is subject to selection on the basis 
of their three-year-old records. Should a correlation coefficient be de- 
termined between the butter-fat percentage of the lactations at three 
years old and the lactation at four years old the true correlation coeffi- 
cient would not be obtained. Since the three-year-olds were kept to 
four on the basis of their third-year lactation being high, there must 
have been a portion of these three-year-olds records curtailed from the 
. general distribution of butter-fat percentage of Jersey cows because of 
their low yield. The same reasoning holds for the four-year-old dis- 
tribution. Such a correlatidn table could be doubly curtailed and the 
true correlation coefficient could only be determined by special methods 
(Reitz 1909). It becomes necessary therefore to show that no evi- 
dent curtailment of the data has taken place before any reasoning from 
the correlation coefficient determined on such data can be made. The 
data for this comparison are taken from the correlation tables begin- 
ning with table 7 and ending with table 41. 
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The influence of the length of time the cow is retained in the herd on the 
mean butter-fat percentage of a given age 
TABLE 7 
Correlation surface for percentage of butter fat in the eight-months milk pro- 
duction at two years old and percentage of butter fat in the 
eight-months milk production at three years old 
for pure-bred Jersey cows. 


2 years old 
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The tabled constants are presented in the following order, (1) the 
mean butter-fat percentage for each of the compared populations (table 
9); (2) the standard deviation of each of the compared populations 
(table 17),—and the coefficient of variation of each of the compared 
populations (table 20). The vertical columns of each table present the 
means, standard deviations, etc., of the age indicated when correlated 
with each of the lactation records made at the age on the left of the 
table. Thus, the means of the butter-fat percentage of the two-year-old 
group that is correlated with the three-year-old group, is 5.228 + .024 
percent of butter-fat in the eight-months milk. The values of this mean 
butter-fat percentage in this column should be the same within the limits 
of random sampling if the population of milk production of the two- 
year-olds is the same for the cows kept to their three-year-old lactation, 
as it is for the cows kept to their seven- or eight- or nine-year-old lacta- 
tions. These remarks, which are directed for illustrative purposes to the 
two-year-old group only, are equally applicable to any other group as 
one progresses from the left to the right of the table. 
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Table 9 presents the data for the comparisons of these mean butter-fat 
percentages for the different age groups. 
the means for each age group seen in table 9. 


Mean butter-fat percent of a given year when correlated with other given years. 
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Ages with 

which cor- 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 
related 
2.0- 3.0 5.283 + .025 5.319 + .026 5.281 + .026 
3.0- 4.0 | 5.228 + .024 5.270 + .026 5.258 + .025 
4.0- 5.0 5.239 + .024 5.261 + .027 5.257 + .025 
5.0- 6.0 5.242 + .028 5.276 + .028 5.284 + .026 
6.0- 7.0 5.247 + .020 5.219 + .028 5.222 + .027 5.243 + .026 
7.0- 8.0 5.248 + .034 5.173 + .039 5.193 + .027 5.229 + .025 
8.0-10.0 5.279 + .032 5.253 a .029 5.156 + .026 §.212 + .023 
10.0 and 

above 5.204 + .o51 5.184 + .053 5.144 + .039 5.164 + .035 
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TABLE 9 (continued) 
Mean butter-fat percent of a given year when correlated with other given years. 





Age correlated 
Ages with — a ae a ae en, ee eT 
| 





which cor- 6.0-7.0 7.0-8.0 8.0-9.0 10.0 and above 
related 
2.0- 3.0 | 5.228 + .026 5.140 + .029 5.163 = .028 5.179 + .049 
3.0- 4.0 5.193 + .026 5.147 + .028 5.183 + .025 | 5.174 + .o50 
4.0- 5.0 5.155 + .027 5.161 + .028 5.156 + .027 5.152 + .042 
5.0- 6.0 5.178 + .025 5.147 + .024 5.168 + .023 5.096 + .040 
6.0- 7.0 5.103 + .024 5.167 + .022 5.144 + .038 
7.0- 8.0 5.190 + .027 5.150 + .022 5.175 = .036 
8.0-10.0 5.183 + .023 5.147 + .023 —-—-— 5.155 + .026 
10.0 and 
above 5.205 + .043 5.153 + .034 5-165 + .029 


The dashed spaces in this table are due to the fact that no correlations 
could be determined for the given year with itself. Similarly the dotted 
lines in figure 5 were used to connect means of the age immediately pre- 
ceding with the means of the age immediately following the given year. 

The variation of the highest and lowest mean butter-fat percentage 
for the individuals of the eight-year group when these cows also have a 
lactation at another age is less than that of any other group. The great- 
est difference in the highest and lowest butter-fat percentage is for the 
four-year-old to five-year-old group; the swing of these means has its 
highest point for those cows which have lactations at two years and its 
lowest point for those animals which have other lactations at 10 years, 
the difference being 0.175 percent of butter fat. This difference as com- 
pared with the probable errors of their means is slightly more than three 
times the probable error. While such a difference is significant mathe- 
matically, it is doubtful if any great weight should be attached to it as 
the numbers in the four-year group with lactations at two years old 
are not very large. 

The graphical presentation of these means is seen in figure 5. In 
this figure the mean butter-fat percentage is given at the left. The line 
at the top of the figure represents the mean butter-fat percentage of the 
two-year-old cow which also had lactation records at the other ages 
shown at the lower margin of the figure. Thus the point where the 
3-0-to-4.0 vertical crosses this line represents the mean butter-fat per- 
centage of the-two-year-old cow’s lactation where these same cows were 


also tested at three years old. The point where the 4.0-to-5.0 vertical, 
crosses this line represents the mean of the two-year-old cow’s lactation 
where these same cows were also tested at four years old. 











Mean Butter Fat Percent. 
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FicureE 5.—Curves showing the mean butter-fat percentage contained in the eight-months 
milk of a cow at a given age for each successive (lactation) age with which the given (lac- 
tation) age is correlated. The ordinates are percentages of butter fat. The abscissae are the 
ages of the groups with which the given (lactation) ages are correlated. Proceeding from 
top to bottom of the figure the first line represents the mean butter-fat percentage of the 
2-year-old to 3-year-old group of cows; the second the 3-year-old to 4-year-old group; the 
third the 4-year-old to 5-year-old group; the fourth the 5-year-old to 6-year-old; the fifth 
the 6-year-old to 7-year-old; the sixth the 7-year-old to 8-year-old; the seventh the 8-year- 
old to 10-year-old, and last, the to-year-and-older group of cows. The lines are on the whole 
quite regular and in general do not diverge greatly from a line parallel with the base of figure. 
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TABLE I0 
Correlation surface for percentage of butter fat in the eight-months milk 
production at two years old and percentage of butter fat in 
the eight-months milk production at five years old 
for pure-bred Jersey cows. 


2 years old 
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TABLE II 


Correlation surface for percentage of butter fat in the eight-months milk 
production at two years old and percentage of butter fat in 
the eight-months milk production at six years 
old for pure-bred Jersey cows. 








2 years old 
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The next line down in the figure represents the three-year-old cows’ 
mean butter-fat percentage. The points on this curve represent the 
three-year-old means of those cows which were also tested at the ages 
indicated at the bottom margin of the figure. The third line, fourth 
line, etc., represent the four-year-olds’ mean butter-fat percentage, the 
five-year-olds’ mean butter-fat percentage, etc. 

The lines generated by the-mean butter-fat percentages of each of 
these age groups should, of course, be parallel with the base of the fig- 
ure within the limits of random sampling if the populations of the eight- 
months butter-fat percentages for the given age are the same irrespective 
of the age at which the subsequent tests were made. 

The curve for the mean butter-fat percentage of the two-year-old 
group (the top curve of figure 5) is as close to a straight line parallel 
with the base of the figure as could be expected. At no place is the 
divergence from such a line more than 0.033 percent of butter fat or 
there is not as much divergence as three times the probable error of the 
determination. Likewise the slight rise in the line does not equal more 
than the probable error of the difference in the height of the two ends 
of the line. It is clear that for these two-year-olds no differential sam- 
pling from the two-year population was practiced in determining what 
cows were to be kept for subsequent lactations. 

TABLE 12 
Correlation surface for percentage of butter fat in the eight-months milk 
production at two years old and percentage of butter fat in the 


eight-months milk production at seven years old for 
pure-bred Jersey cows. 


2 years old 





8g§ $ 8 SBRKRYESE RBS ER FS 
ert t 2 2 2 22 2 22a 
88S BERB § § 8 8 & © 
mo» + + + + + HMM MH WH CO CO F 
4.00-4.20 2 2 
4.20-4.40 e 2.4 3 
4.40-4.60 I : ¢ «4 4 
4.60-4.80 a ae oe oe el 7 
~~ 4.80-5.00 : 3 #. t 2 II 
O 5,00-5.20 a..2 Ses 19 
- 5.20-5.40 I “.-§ 2 et oe Oe 23 
2 5.40-5.60 I ee SS 2.2 tae 
n_ 5.60-5.80 I I 
5.80-6.00 a a. 2 5 
6.00-6.20 I I 











Total rG@ 2 é¢ FF wows 19 3 - 5 1| % 


Genetics 5: My 1920 














JOHN W. GOWEN 


TABLE 13 
Correlation surface for percentage of butter fat in the eight- 
months milk production ‘at two years old and percentage 
of butter fat in the eight-months milk production at 
eight and nine years-old for pure-bred Jersey cows. 


2 years old 
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The curve for the three-year-old lactation records, while more vari- 
able than the two-year-old groups, leads to the same general conclusion 
as that expressed for the two-year-old group. All of the other age 
curves likewise show no difference in the individuals within that group 
which are kept for subsequent lactation records. Summing up the evi- 
dence, it appears clear that no selection of animals to be kept as milk- 
producers in subsequent lactations on the basis of these butter-fat per- 
centages contained in their milk is evidenced by the mean butter-fat per- 
centage of any age.in comparison with the other lactation at which the 
cow was known to be milked. 


The standard deviations of the butter-fat percentage as influenced by the 
length of time the cow is retained in the herd 


A similar analysis for the effect of selection of cows at a given age 
on the basis of their butter-fat percentage to be retained in the herd 
as milkers in after years is given in table 17. The arrangement of the 
data is entirely similar to that of table 9. The vertical columns give the 
standard deviations (without SHEPPARD’s correction) for the age of the 
cow indicated. The constants from top to bottom of a vertical column 
are those of the given year when the cow was also kept in the herd and 
tested at the ages indicated on the left margin of the table. The data 
for the calculation of these standard deviations are taken from corre- 
lation tables 7 to 41. 





10-and-above years old 
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Total 


4 years old 








Correlation surface for percentage of butter fat in the eight- 
months milk production at two years old and percentage 


Correlation surface for percentage of butter fat in the eight-months milk produc- 
tion at three years old and percentage of butter fat in the eight-months 
milk production at four years old for pure-bred Jersey cows. 
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TABLE 14 


of butter fat in the eight-months milk production at 
ten-and-above years old for pure-bred Jersey cows. 


2 years old 
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TABLE 16 
Correlation surface for percentage of butter fat in the eight-months milk 
production at three years old and percentage of butter fat 
in the eight-months milk production at five years 

old for pure-bred Jersey cows. 


3 years old 
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6.40-6.60 
Total 





The graphical presentation of these data is seen in figure 6, the values 
of the standard deviation being represented as ordinates and the ages at 
which the cows had another lactation as the abscissae. 


The arrange- 


ment of the curves is similar to that for the mean butter-fat percentage 


TABLE 17 


Standard deviation for butter-fat percentage of a given year when correlated 
with other given years. 


- Age correlated - 








Ages with r es ee ad a 4 Sei aig 
which cor- 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 
related 
2.0- 3.0 0.496 + .o18 0.476 + .o18 0.447 + .018 
3.0- 4.0 0.471 + .017 0.464 + .018 0.421 + .017 
4.0- 5.0 | 0.443 + .017 0.494 + .o19 —>——_—__—_. 0.442 + .018 
5.0- 6.0 | 0.489 + .020 0.474 + .020 0.452 + .o18 —_—_—__——_ 
6.0- 7.0 | 0.462 + .021 0.427 + .020 0.429 + .019 | 0.440 + .019 
7.0- 8.0 | 0.475 + .024 0:566 + .027 0.409 +.019 | 0.400 +.018 
8.0-10.0 | 0.457 + .022 0.443 + .o21 0.410 + .o18 | 0.403 + .016 
10.0 and | | 
above | 0.439 + .036 0.345 + .038 0.425 + .028 0.391 + .025 
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TABLE 17 (continued) 
Standard deviation for butter-fat percentage of a given year when correlated 
with other given years. 


; Age correlated papi 








Ages with 

which cor- | 6.0-7.0 7.0-8.0 8.0-10.0 10.0 and above 
related 
2.0- 3.0 | 0.415 + .o19 0.401 + .020 0.408 + .020 | 0.421 + .035 
3.0- 4.0 0.403 + .o19 0.405 + .020 0.388 + .o18 0.325 + .036 
4.0- 5.0 | 0.428 + .o19 0.430 = .020 0.428 + .o19 0.452 + .029 
5.0- 6.0 | 0.416 + .o18 0.388 + .017 | 0.408 + .016 0.438 + .o28 
6.0- 7.0 | omits | gael spe 0.404 + .016 | 0.433 + .027 
7.0- 8.0 0.437 + .o19 a 0.410 + .016 0.455 + .026 
8.0-10.0 0.422 + .017 0.424 + .o16 —— 0.430 + .o18 

100 and | 
above | 0.486 + .030 0.433 + .024 0.484 + .o21 





curves (figure 5). The curve for the two-year-olds is at the top of the 
figure and the curve for the ten-year-and-older group is at the bottom 
of the figure. The lines should, of course, be parallel with the base of 
the figure if there has been no selection practiced. If selection has taken 
place at any given age of the cow’s life, it would be expected to curtail 
the low-butter-fat-test cows and thus reduce the standard deviation of 
the whole population kept for subsequent productions. 
TABLE 18 
Correlation surface for percentage of butter fat in the eight-months 
milk production at three years old and percentage of but- 


ter fat in the eight-months milk production at six 
years old for pure-bred Jersey cows. 











3 years 
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7. Vv VV VSM MH HH CS SG e 
4.00-4.20 I . « 
4.20-4.40 : «2 3 
4.40-4.60 I ie 4 
£ 4.60-4.80 | 3 * £ % 8 
2 4.80-5.00 ss &@ £ £4.23 17 
© 5.00-5.20 :& &£ Ss £. wo. 3S 20 
5.20-5.40 I 2 4: FF of I 22 
5-40-5.60 e 2°44. 263s. 3 19 
5.60-5.80 : &S 2 8 
5.80-6.00 e “&)2 3 
6.00-6.20 ey 2 
6.20-6.40 I I 
Total | $ ate 9D DB BW wu ES 2 8 | 108 
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Coefficients of Variation for Butter Fat Percent. 
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Ages Correlated. 


Ficure 6.—Curves showing the standard deviations of the butter-fat percentage of 
the milk of a given age in the cow’s life at the successive ages with which the giver 
age is correlated. The ordinates represent the standard deviations of the butter-fat 
percentages which are produced. The abscissae are the ages of the groups with which 
the given age is correlated and for which the given age had the standard deviation 
plotted. The curves proceeding from the top to the bottom of the figure are for the 
ages, two, three, four, five, six, seven, eight and nine, and ten years and older. The 
lines are quite regular and in general are parallel with the base as would be ex- 
pected if no selection were practiced. 
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Two curves only show any considerable variation. These curves are 
for the ages three years to four years and ten years and older. This 
variation considered mathematically is no doubt significant ; but if the rela- 
tively few individuals in the class and the general trend of the rest of 
the curve are taken into consideration much of this significance is lost. 
The other curves are all parallel with the base of the figure and are in 
accord in showing that no selection of high-butter-fat-testing cows to be 
retained in the herd for milkers at the older ages based on their earlier 
recorded production, has been practiced. 

TABLE 19 
Correlation surface for percentage of butter fat in the eight-months milk produc- 


tion at three years old and percentage of butter fat in the eight-months 
milk production at seven years old for pure-bred Jersey cows. 








3 years 
$+8SSRssegCsRCFBRSL_ 
2.2 2S SSS 2S ee 
S$ sgeseRe esses Reyes es sp 
tT $~~y~NRNnRAnHA HHS GC CO SC O 

4.00-4.20 | I I ‘| 2 
4.20-4.40 2 2 
4.40-4.60 I I 3 | 5 
4.60-4.80 s 3 I I 5 
2 4.80-5.00 rk #2 2 5 ££. 2 I 21 
© 5.00-5.20 ees 202 6 5 | 18 
tN 5.20-5.40 2. sa 2 SS | 22 
5.40-5.60 rs. 4 2 3% 2 | 15 
5.60-5.80 I | I 
5.80-6.00 I I I 3 
6.00-6.20 [ I I I I | 4 
Total | 4 5 1 9 17 1 19 9 2 3 0 0 0 1 | 98 
TABLE 20 


Coefficients of variation for butter-fat percent of a given year when corre- 
lated with other given years. 


Age correlated 








Ages with sao 
which cor- 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 
related 
2.0- 3.0 —___—— 9.395 + .342 8.956 + .348 8.461 + .350 
3.0- 4.0 9.008 + .327 — 8.808 + .347 8.009 + .332 
4.0- 5.0 8.457 + .326 9.391 + .370 _ 8.405 + .344 
5.0- 6.0 9.332 = .386 8.992 + .374 8.562 + .350 2 
6.0- 7.0 8.803 + .396 8.181 + .360 8.207 + .371 8.3901 + .350 
7.0- 8.0 9.060 + .459 | 10.932 + .536 7.867 + .368 7.653 + .341 
8.0-10.0 8.665 + .427 8.426 + .373 7.951 + .355 7.739 + .308 
10.0 and 
above 8.2902 + .603 6.660 + .770 8.253 + .5390 7.5742 485 _ 
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TABLE 20 (continued) 
Coefficients of variation for butter-fat percent of a given year when corre- 
lated with other given years. 


Age correlated 











Ages with 

which cor- 6.0-7.0 7.0-8.0 8.0-10.0 10.0 and above 
related 
2.0- 3.0 7.933 + .357. | 7.807 + .307 7.894 + .3890 8.120 + .679 
3.0- 4.0 | 7.764 + .360 7.866 + .388 7.493 + .326 6.207 + .659 
4.0- 5.0 8.295 + .375 8.322 + .300 8.299 + .368 8.782 + .574 
5.0- 6.0 8.040 + .342 7.540 + .336 7.902 + .315 8.601 + .552 
6.0- 7.0 ———_—_- 7:757 = .337 7.812 + .300 8.411 + .526 
7.0- 8.0 8.418 + .366 —_———_——. 7.959 + .310 8.795 + .498 
8.0-10.0 8.137 + .322 8.237 + .320 2a 8.323 + .345 

10.0 and 
above 9.341 + .585 8.410 + .476 9.377 + .380 —— 


The coefficients of variation of milk production as influenced by the time 
the cow ts retained in the herd 


The data for these constants are taken from the correlation tables 7 
to 41. Table 20 gives the coefficients of variation for these distributions. 
Their arrangement is identical with that for tables 9 and 17. The age 
for which the coefficients of variation are determined is given above the 
columns. The ages at which the cows have records at other ages are 
given at the left of the table. 

The data in this table have been made into curves for each age as 
seen in figure 7. 

The values of the coefficients of variation are represented as ordinates 
and the ages at which the cows had another lactation as abscissae. The 
curves have the same arrangement as in figures 5 and 6. The same 
reasoning,—that if no selection of cows based on their previous records 
has taken place the curves generated by these coefficients of variation 
should be straight lines parallel with the base,—still holds for this figure. 

The curves of figure 7 are clearly parallel with the base, save for a 
noticeable drop in the coefficient of variation occurring in the ten-year 
curve at three years. 

For the ten-year group the difference is considerably larger than three 
times itserror. In the ten-year curve, however, the subsequent coefficients 
of variation are nearly equal to those preceding this drop. This, of 
course, would not be expected if the drop were die to selection having 
taken place at the point of the low coefficient, for if it had taken place 








Standard Deviation for Butter Fat Percent. 
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Ages Correlated. 

Figure 7.—Curves showing the coefficients of variation for the butter-fat per- 
centage of a given age at each successive age with which the given age is cor- 
related. The ordinates are the coefficients of variation and the abscissae are the 
ages of the groups with which the given age is correlated. The significance of the 
curves from top to bottom of the figure is the same as in figures 5 and 6. The 
lines generated- by the curves should, like the preceding curves, be parallel with 
the base if no. selection has taken place. 
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TABLE 21 





Correlation surface for percentage of butter fat in the eight-months milk produc- 
tion at three years old and percentage of butter fat in the eight-months 
years old for pure-bred Jersey cows. 


production at eight and nine 
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tN 


5.80-6.00 


6.00-6.20 


o 


6.20-6.40 
| 6.40-6.60 
6.60-6.80 
| 6.80-7.00 


Correlation surface for percentage of butter fat in the eight- 

months milk production at three years old and per- 

centage of butter fat in the eight-months pro- 
duction at ten-and-above years old for 


10 years and older 


the coefficients should be low for the rest of the life of this group of 
For our problem then this irregularity in the coefficients of vari- 


COWS. 


4.40-4.60 
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4.20-4.40 


_ 


I 


| 4.40-4.60 


Oo 


4.60-4.80 


o 


3 years 
8 & 
> = 
g 8 
vT wn 
3 

4 
3. 4 


ation would seem of little significance. 


The conclusion which may be drawn from this study of the means, 
standard deviations and coefficients of variation is that no selection of 
cows for future milkers on the basis of their butter-fat percentage in 
previous lactations has been practiced at any time in the herd’s history. 
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TABLE 23 





291 


Correlation surface for percentage of butter fat in the eight-months milk produc- 
tion at four years old and percentage of butter fat in the eight-months 
milk production at five years old for pure-bred Jersey cows. 


4 years old 
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TABLE 24 
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Correlation surface for percentage of butter fat in the eight-months 
milk production at four years old and percentage of butter 
fat in the eight-months milk production at six years 
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This important conclusion regarding the data reflects back on the con- 
clusion drawn from the studies of the earlier sections of the paper as 
those conclusions are freed from the one possible criticism that selection 
of the best-producing animals, to be kept for the milkers in later life, 
by the records made while they were young, has materially influenced 
the general applicability of the results of this study to the breed of Jersey 
cattle as a whole. 


The correlation of the butter-fat percentage for eight-months milk yield 
at a given.age with the like butter-fat percentage 
at any other given age 

The homogeneous nature of the records established by the previous 
analysis, the data may now be used for the correlations themselves, 
knowing that the data on which these correlations are based are such 
that the values of the correlations are their true value. The tables on 
which these correlation coefficients are determined are found in tables 
7 to 41. The means, standard deviations and coefficients of variation 
are given in tables 9, 17 and 20. Table 25 gives the correlations and 
their probable errors for all ages at which the lactation records were 
divided. The vertical columns as in the preceding tables for the other 
constants of the correlation surfaces give the correlations of the butter- 
fat percentage of the ages heading the column ‘with the butter-fat per- 
centage at the ages indicated on the left-hand margin of the table. As 
will be noted the correlations necessary to give the complete set of cor- 
relations for any age are repeated, e.g., the correlation of 2-years butter- 
fat percentage with that at 3 years is + 0.5277 + .0368 and appears in 

TABLE 25 


Coefficients of correlation for butter-fat percent of a given age when correlated 
with other given ages. 


Age correlated 




















tan A Seana eee a aoe ee a 
which cor- 2.0-3.0 3.0-4.0 4.0-5.0 5.0-6.0 
related 
2.0- 3.0 + 0.5277 + .0368 + 0.5288 + .0300 + 0.5846 + .0382 
3.0- 4.0 + 0.5277 + .0368 + 0.6071 + .0349 + 0.5836 + .0384 
4.0- 5.0 + 0.5288 + .0390 + 0.6071 + .0349 + 0.6781 + .0310 
5.0- 6.0 + 0.5846 + .0382 + 0.5836 + .0384| + 0.6781 + .0310 
6.0- 7.0 | + 0.5956 + .0407 + 0.5861 + .0426| + 0.5236 + .0460) + 0.5529 + .0417 
7.0- 8.0 |-+ 3.6068 + .0452 + 0.2470 + .0640 + 0.5668 + .0447| + 0.4830 + .0480 
8.0-10.0 | + 0.5695 + .0468 + 0.4311 + .0533, + 0.4475 + .04908| + 0.5638 + .0382 
10.0 and 
above + 0.5739 + .0787 + 0.5250 + .1121 + 0.5163 + .0674 + 0.4138 + .0747 
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TABLE 25 (continued) 
Coefficients of correlation for butter-fat percent of a given age when correlated 
with other given ages. 


Age correlated _ 














as ai ee 
which cor- 6.0-7.0 7.0-8.0 8.00-10.0 10.0 and above 
related 
2.0- 3.0 + 0.5956 + .0407| + 0.6068 + .0452 + 0.5695 + .0468 + 0.5739 + .0787 
3.0- 4.0 + 0.5861 + .0426) + 0.2470 + .0640| + 0.4311 + .0533 + 0.5250 + .1121 
4.0- 5.0 + 0.5236 + .0460) + 0.5668 + .0447| + 0.4475 + .0408 + 0.5163 + .0674 
5.0- 6.0 + 0.5529 + .0417' + 0.4830 + .0480) + 0.5638 + .0382 + 0.4138 + .0747 
6.0- 7.0 + 0.5504 + .0420| + 0.4678 + .0434 + 0.3196 + .0788 
7.0- 80 |-+ 0.5594 + .0420 ———————_——. + 0.6004 + .0349 + 0.4137 == .0650 
8.0-10.0 |+ 0.4678 + .0434 + 0.6004 + .0349 + 0.52904 + .0436 
10.0 and 
above + 0.3196 + 0.0788 +- 0.4137 + .06590 + 0.52904 + .0436 


the two-year column on line with the three-year age. The correlation 
of the three-years butter-fat percentage with that of the two-years will, 
of course, be the same (0.5277 + .0368) and is repeated in the three- 
year column on the line with the two-year age. Such an arrangement 
facilitates the grasping of the complete picture of the relation between 
the yield of a given age and that of any other age, as each column rep- 
resents the correlation coefficients of that year with the other years. 

The largest of these correlation coefficients for the butter-fat percent- 
age of one lactation in comparison with that of another is + 0.6781 + 
.0310 for the lactation at four years old and at five years old. The low- 
est correlation coefficient is 0.2470 + .0640 for the comparison of the 
butter-fat percentage of the three-year-olds with that of the seven- 
year-olds. All of these correlations are plus. There was no correlation 
out of the fifty-six determined which was not significant. Such high 
correlations point to a regulatory mechanism behind the mammary 
function, which governs, within certain limits, the concentration of 
butter fat which a given cow is able to secrete into her milk from one 
lactation to another. 

The graphs showing these correlations for each year are seen in 
figure 8. The arrangement of the figure is entirely similar to that of 
figures 5,6 and 7. The sizes of the correlations are represented as ordi- 
nates and the ages of the cows whose butter-fat percentages are cor- 
related with those of the given age are the abscissae. The curves pro- 
gressing from the top to the bottom of the figure represent the correla- 


Genetics 5: My 1920 





Correlation. 
















































3.0 























60. —S——— 

} } 
" fa al | 
60 ——_ 

— | a a 
4o 
| | 

50. --——— a 



































2:0°3:0 J3:0-4-0 4.0-5:0 5060 6:0-7-0 7:0-8:0 8:0-10:0 10:02 Above 
Ages Correlated. 


Figure 8.—Curves showing the coefficients of correlation of butter-fat percentage of a 
given age and the butter-fat percentage at any other given age. The ordinates are the val- 
ues of the correlation coefficients. The abscissae are the ages with which the butter-fat 
percentage of the given cow is correlated. For example the top curve of the figure shows 
the correlation of the butter-fat percentage made at two years with the records made at 
subsequent ages. From this curve the correlation between the butter-fat percentage made 
at two years old and the butter-fat percentage made at three years old is:read off on the 
three-year vertical of the two-year line (top curve of figure) as 0.5277. The correlation of 
the two-year butter-fat percentage and the four-year butter-fat percentage made by the 
same cows at these ages is seen on the four-year vertical, two-year line to be 0.5288. The 
dotted lines serve to connect the correlations immediately preceding and following the 
age for which the given age line is drawn. 
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tions for the butter-fat percentage at the ages two, three, four, five, six, 
seven, eight and nine and ten-years-and-older with the other butter-fat 
percentages occurring at the ages shown on the lower margin of the 
figure. 

These curves are, on the whole, linear in nature and parallel with the 
base of the figure. In other words the correlations of butter-fat per- 
centage of a given-aged cow with that of the other ages at which this 
cow may have another lactation records are approximately of the same 
values throughout. 

Two possible exceptions to this conclusion may be pointed out. These 
two possible exceptions depend on the one correlation (0.2470 + .0646) 
for the correlations of the butter-fat percentages at the ages three and 
seven years. It is true that this drop in each of these curves does not 
fit in the general curve as well as might be desired. The significance of 
the difference from the general level of the curves is only slight if sig- 
nificant at all. 

TABLE 26 
Correlation surface for percentage of butter fat in the eight-months 
milk production at four years old and percentage of butter 


fat in the eight-months milk production at seven 
years old for pure-bred Jersey cows. 


4 years old 








$8288 $8 B88 $ 
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§ $8888 $SBBR SE 
+ + + F+~MH UH HM SC SO ee 
4.00-4.20 | I | I 
4.20-4.40 | : & 3 I 5 
4.40-4.60 I 2 2 5 
“ 4.60-4.80 i 2 2 2 a 7 
TS 4.80-5.00 te &2 I t 6 I 16 
. 5.00-5.20 . © | = eS 22 
2 5-20-5.40 3:38 4 8 I 22 
NN 5.40-5.60 I 3 7 4 15 
5.60-5.80 2 I I 4 
5.80-6.00 2 2 
6.00-6.20 I a2 3 I 6 
Total | 1 6 9 22 16 23 8 13 4 1 2 | 105 


The average level of the correlations for butter-fat percentage of a 
lactation at a given age with those at any other age is of especial inter- 
est to the dairyman since the size of the correlation is the index by which 
he may choose the lactation on which to base the selection of animals 
to remain in the herd as future milkers. The averages of these corre- 
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TABLE 27 
Correlation surface for percentage of butter fat in the eight-months 
milk production at four years old and percentage of butter 
fat in the eight-months milk production at eight and 
nine years old for pure-bred Jersey cows. 


4 years old 
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TABLE 28 
Correlation surface for percentage of butter fat in the eight-months 
milk production at four years old and percentage of butter 
fat in the eight-months milk production of ten-and- 
above years old for pure-bred Jersey cows. 


4 years old 
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lations have accordingly been made. The highest average correlation 
coefficient is for the butter-fat percentage of the lactation commencing 
between the ages two years to three years (0.5696). The next highest 
average correlation coefficient is for the four year age (0.5520). The 
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five-year age is third (0.5514), the eight-and-nine-year age is fourth 
(0.5156). The other ages at lactation follow in the order, six, three, 
seven and ten-and-older years. The differences in these correlations are 
of only doubtful significance so that no conclusion as to the relative 
merit of the use of one lactation over that of another as a basis for se- 
lection of animals to remain in the herd, can with certainty be made. 
Further from the theoretical side no conclusion can be drawn from these 
figures as to any differential action of the mechanism or effect of en- 
vironment on the milk production and butter-fat percentage at these 
different ages. They do, however, lead to the important practical con- 
clusion that a cow commencing her lactations as a two-year-old with a 
high butter-fat percentage may be expected to duplicate this relatively 
high performance within a small error in the next and succeeding lacta- 
tions. The first lactation records as to the butter-fat percentage that a 
given cow will produce are, then, a good index of what may be expected 
in future years of that cow. As will be shown in a subsequent section, 
selection. of cows to remain in the herd on the basis of these records is 
profitable to the dairyman. 
TABLE 29 
Correlation surface for percentage of butter fat in the eight-months milk produc- 


tion at five years old and percentage of butter fat in the eight-months milk 
production at six years old for pure-bred Jersey cows. 
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The comparison of these correlations with those on milk production 
for the same data, using the same divisions, is of considerable interest as 
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TABLE 30 


5 years old 


Correlation surface for percentage of butter fat in the eight-months milk 
production at five years old and percentage of butter fat in the 
eight-months milk production at seven years old for 

pure-bred Jersey cows. 
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showing the relative strength by which one lactation governs the future 
Table 31 gives this comparison for the 
average unweighted coefficients of correlation for the records of each 


These correlation coefficients range in value from 0.4702 to .5696 for 
the butter-fat percentage and from 0.4597 to .5694 for the milk pro- 


Average coefficients of correlation for lactation records made at a gwen age 
and lactation records made at other ages for milk production 
and butter-fat percentage. 


Ccefficient of correlation 





\Difference, but- 
ter-fat percent- 











record is made - Butter-fat | | Milk pro- age less milk 
percentage | duction production 
S PORTS WO 9 FORTS. 000 cccces | + 0.5606 0.5491 0205 
3 YERES 0D & FORTS... ccccee | SOIT 5604 — .0683 
@ yonss. 00 § YORSS. .....002: | 5526 5060 0466 
5 years to 6 years..........| 5514 5735 — .0221 
© years to 7 yeATrs.......0.. 5150 5661 — .O5II 
7 years to 8 years.......... 4967 | .5501 — .0534 
8 years to IO years.......... | 5156 | .5077 .0079 
10 years and older............| .4702 .4507 0105 
Average of records at all ages| 5215 5352 — .0137 
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duction. The average value of the butter-fat percentage correlation 
coefficients is 0.5215 and the average value of the milk yields is .0352. 

Of the sixteen average coefficients of correlation four of those for 
the butter-fat percentage are higher than those for the milk yield and 
four of them are lower. 

The greatest difference of these coefficients is — 0.0683. The differ- 
ences of the average values is — .0137. From the numbers involved it 
seems probable that these differences are so small as not to be significant.- 
Such being the case it follows that the relative accuracy in the use of 
one lactation record to predict the expected record of another lactation 
is approximately the same for the butter-fat percentage and for the 
milk yield. In other words the governing power (presumably the com- 
plex given the animal through its inherited factors for these two char- 
acters) works with about. the same accuracy (as measured by its per- 
formance) from lactation to lactation. This would by no means neces- 
sarily mean that the inheritance of these two characters is the same, in 
fact in all probability high milk production is governed more by domi- 
nant factors than is high butter-fat percentage (GowEN 1918). It only 
means that these factors once given an animal hold it to the same rela- 
tive level from lactation to lactation. 


TABLE 32 
Correlation surface for percentage of butter fat in the eight-months milk 
production at five years old and percentage of butter fat in the 
eight-months milk production at eight and nine years old 
for pure-bred Jersey cows. 
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TABLE 33 


Correlation surface for percentage of butter fat in the eight- 
months milk production at five years old and percentage 
of butter ‘fat in the eight-months milk production at 
ten-and-above years old for pure-bred Jersey cows. 
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TABLE 34 


Correlation surface for percentage of butter fat in the eight-months milk produc- 
tion at six years old and percentage of butter fat in the eight-months milk 
production at seven years old for pure-bred Jersey cows. 


6 years old 
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If we transfer our reasoning to the race of Jersey cattle with which 
we are dealing these records of the individuals in this race show a dis- 


The high individuals tend to remain high, the low 


individuals low, with respect to their quality of butter-fat percentage, 
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TABLE 35 
Correlation surfacé for percentage of butter fat in the eight-months milk produc- 
tion at six years old and percentage of butter fat in the eight-months milk 
production at eight and nine years old for pure-bred Jersey cows. 
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just as they also do with respect to their quantity of milk. Such a dif- 
ference can mean but one thing: The animals in this race are innately 
differentiated with regard to their capacity to secrete a high concentra- 
tion of butter fat into their milk as well as they are for the capacity to 
secrete the quantity of milk. 

Only one other economic product has been dealt with quantitatively 
by the correlation method (Harris and BLAKESLEE 1918). The corre- 
lation coefficients in this case deal with the relation of the monthly egg 
production to the egg production of the other eleven months of the year. 

The correlations for these ovulation records range from + 0.240 + 
.033 to + .573 + .023. The range for the correlations of butter-fat 
percentage is + 0.2470 + .0680 to + 0.6781 + .0310. The range in these 
butter-fat percentage correlations is greater than that for the ovulation 
records of the White Leghorn hen. The mean coefficient of correlation 
for these ovulation records is 0.446. This mean coefficient of correla- 
tion is, consequently, slightly below that for butter-fat percentage 
(.5215), the difference being .0755. This difference, on the face of it, 
would seem to indicate that a greater dependence may be placed in the 
record of the butter-fat percentage of a known lactation as to the future 
butter-fat percentage in a given cow’s milk than can be placed in a knowl- 
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edge of a month’s egg production to determine the future production 
of the hen. The difference is not great, however, and may not be sta- 
tistically significant. 


THE REGRESSION OF THE BUTTER-FAT PERCENTAGE OF LACTATIONS AT 
DIFFERENT AGES ONE ON THE OTHER 


The constants necessary to determine the approach of the regression 
lines to linearity for the correlation coefficients of table 25 are given in 
table 36. The values of the correlation coefficients have been repeated 
for greater ease of comparison. 

In this table the correlation ratios range in value from 0.3992 + .0573 
to 0.7374 + .0707. These values of the correlation ratios are some- 
what higher than are the values for the correlation coefficients as may be 
seen in table 25. The difference between the correlation ratios and the 
correlation coefficients are not significant as measured by the probable 
error of this difference. The regression of the butter-fat percentage at 
one age on that of another diverges only slightly from the linear as may 
be seen by the relation of »’—+’* to its probable error. These values 
range between 2.98 to .g6 with a mean value of 2.14. Such a small 
range together with the low mean value makes it likely that the regres- 
sions of all of these curves are linear. The values of the correlation 
coefficients can, therefore, be considered as correct in measuring the as- 
sociation of the butter-fat percentage of one lactation on another. 

From these correlations of tablés 25 and 36 it is possible to form the 
straight-line predictions of the butter-fat percentage for any age from 
the butter-fat percentage of any other age. The general equations for 
these regressions are given by 

B = Mean, — fz,- - - Mean, + rz, ~* = 
A b 
when B is the expected butter-fat percentage at the age desired and b is 
the butter-fat percentage which is given. The results of the substitution 
of the value contained in tables 9, 17 and 25 are given in table 37. 

The use of these equations is merely a matter of substitution. Sup- 
pose that the butter-fat percentage of a cow is equal to 5.34 when she 
is two years old, what will be her expected percentage at six years old? 
The equation for this age is 

B = 2.422 + .535)2 
substituting for b, the value of the butter-fat percentage actually obtained 
(5.34) we have 5.279 as the expected butter-fat percentage of this cow 
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for her lactation at six years. Similarly the expected butter-fat per- 
centage of a lactation at any age may be predicted from a record at any 
other age. The only limiting factor for these equations is that the lac- 
tation records be for a period of eight months. As the equations are 
given for actual butter-fat percentage the second term in them gives 
the increase that would be expected at a given age in the butter-fat per- 
centage-of one cow over that of another if at the certain age the first 
cow tested one percent over the second cow. 

Of the information desired by the man who is to use these equations 
perhaps nothing is more important than a knowledge of what age a cow 
should make her record to give the best index of her potentialities in 
producing butter fat and the converse of this,—to what age should the 
records, made at different periods in the life of the cow, be corrected 
so that the maximum reliance may be placed on the corrected record as 
a true measure of the cow’s ability. These questions can be easily an- 
swered by the equations themselves since the size of the coefficients of 
the b, is a direct measure of the reliance which can be placed on a record 
made at a given year. By summing these coefficients for a given age 
and dividing by the total the average value may be obtained and the in- 
formation desired obtained. As measured in this manner the age at 
which the butter-fat percentage determined for the milk most nearly 
represents the potentialities of the cow is the five-year lactation. The 
four-year, two-year and seven-year lactations are close behind the five- 
year with a difference so small as to be insignificant. The poorest year 
is three with ten close behind. The difference between the poorest 
(.4562) and the best (.5623) years is slight and very likely not signifi- 
cant. For the age to be predicted, too, the lactation at two years is 
best; the coefficient is .6076. The lowest coefficient is at 10 years of 
age (.4639). Here again the difference is not large and may not be 
significant. 


THE CORRELATION OF THE BUTTER-FAT PERCENTAGE OF A LACTATION AT 
A GIVEN AGE WITH THE BUTTER-FAT PERCENTAGE OF TWO LACTATIONS 


These constants are of special interest as measuring any difference in 
the contribution of the butter fat of one lactation as against that of an- 
other lactation. Further, these correlations, with the natural extension 
of them to cover the relation of the production of one lactation to the 
production of the cow’s whole life, have the greatest appeal to the prac- 
tical dairyman as he is primarily interested in the return the cow can 
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TABLE 38 
Correlation surface for percentage of butter fat in the eight- 
months milk production at six years old and percentage 
of butter fat in the eight-months milk production 
at ten-and-above years old for pure-bred 
Jersey cows. 


6 years old 
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TABLE 39 


Correlation surface for percentage of butter fat in the eight-months 
milk production at seven years old and percentage of butter 
fat in the eight-months milk production at eight and 
nine years old for pure-bred Jersey cows. 








7 years old 
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TABLE 40 
Correlation surface for percentage of butter fat in the eight- 
months milk production at seven years old and per- 
centage of butter fat in the eight-months milk 
production at ten-and-above years old 
for pure-bred Jersey cows. 


7 years old 
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TABLE 41 
Correlation surface for percentage of butter fat in the eight-months milk 
production at eight and nine years old and percentage of butter 
fat in the eight-months milk production at ten-and-above 
years old for pure-bred Jersey cows 


8 and 9 years 
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be expected to make during her lifetime. These two problems have been 
approached in two ways; (1) the correlation of the butter-fat percentage 
of a given year with the butter-fat percentage of the milk of the two- 
year period using the data presented in tables 7 to 41; (2) a special set 
of correlations for the correlation of the mean butter-fat percentage of 
five lactations with the butter-fat percentage for each lactation. 
The first set of correlations are easily determined where the means 
and standard deviations are known and + = y + 2, from the relations. 
+= y + 2 o,—= V oy” “+ o, + 2 Tyz Fy Fr 
The product moments are (Harris 1918) 
® (xy) =3 (y*) + 3 (2) 
% (xz) = 3 (27) + 3 (yz) 
These correlations when so determined are given in table 42. 
These correlations are all high as correlations on this kind of ma- 
terial go. They range in value from 0.9181 + .0090 to 0.7048 + .0343. 


MM 
M } 


The value of the lowest does not really give a true indication of the 
range for the next lowest observation is .7872 + .0334. The correla- 
tions and in fact the constants for this distribution of butter-fat per- 
centage are somewhat abnormal as compared with the constants for the 
other distributions of seven years, as has been previously noted. No 
reason for this is known. In any case the correlations are high and 
point to a close agreement between the butter-fat percentage in the milk 
of one lactation with that of the given year plus the record of another 
lactation at some other age. 

The difference column is of a good deal of interest as it demonstrates 
any difference in the relative weight which should be given one lactation 
over that of another lactation as a measure of the lactation’s merits as 
an indication of the cow’s future production or value as a producer of 
butter fat. Barring the abnormally high difference for three and seven 
years the differences are all small in comparison with their probable 
errors. No consistency in the sign of these differences can be noted. 
It is altogether probable from these results that no real difference exists 
in the relative production of the different lactations of a cow’s life. It 
seems, from this, that environmental differences bring about the varia- 
tions in these correlations. 

Of more importance than the comparison of the lactation sum with 
that of each component is the comparison of the mean butter-fat per- 
centage over a number of lactations with those of the mean butter-fat 
percentages of the individual lactations which contribute to the mean 
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butter-fat percentage of the longer period. This point is taken up in 
the next section. 


CORRELATION BETWEEN THE MEAN BUTTER-FAT PERCENTAGE OF THE 
FIRST FIVE LACTATIONS AND THE MEAN BUTTER-FAT 
PERCENTAGE OF THE INDIVIDUAL LACTATIONS 


Of perhaps even more interest physiologically and practically are the 
correlations of the butter-fat percentage of one lactation with the but- 
ter-fat percentage as determined for a number of lactations. For this 
purpose certain of the records on which the correlations of table 30 
were based, were chosen for this purpose. These records included the 
first five lactations of the cow’s life. The correlations and other con- 
stants for these collected from tables 44 to 48 are given in table 43. 

TABLE 43 


Correlation coefficients and constants for butter-fat percentage over five lacta- 
tions and the butter-fat percentage for the individual lactations. 








Coefficient of vari- 


Age when lactation | Mean butter-fat |Standard deviation ation of the but- 











commenced percentage for butter-fat ter-fat per- 
| percentage centage 

2 years to 3 years.... 5.245 = .035 0.491 += .025 9.35 + .46 
3 years to 4 years.... 5.227 + .035 .485 + .025 9.29 + .46 
4 years to 5 years....| 5.291 + .036 502 + .026 9.48 + .46 
5 years to 6 years....| 5.225 + .033 .462 + .023 883 + .46 
6 years to 7 years....| 5.177 + .031 425 + .022 Sao = 41 
Five-lactation butter- 

fat percentage...| 5.216 + .029 309 + 020 | 7.651 + .39 





TABLE 43 (continued) 
Correlation coefficients and constants for butter-fat percentage over five lacta- 
tions and the butter-fat percentage for the individual lactations. 





| |Regression equations 
\Correlation of in-Correlation ratios| for the five-lactation 














dividual lactation | for individual | butter-fat percen- 

Age when lactation | records and the | records and the | tage as calcu- 

commenced record for the record of the lated from any 

five lactations five lacta- given lacta- 
tions | tion 

2 years to 3 years....| + 0.797 + .026 0.827 + .023 |Br = 1.819 + .648b, 
3 years to 4 years.... 836 + .022 855 + .o19 |Br = 1.621 + .688b, 
4 years to 5 years.... 862 + .018 876 + 017. |Br = 1.5901 + .685b, 
5 years to 6 years.... 857 + .o19 873 + 017. |Br = 1.349 + .740b, 
6 years to 7 years.... 784 + .028 815 + .024 |Br = 1.406 + .736b, 
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Table 43 shows that the standard deviation of the butter-fat per- 
centage for the mean of the five lactations in these 88 cows is lower than 
the standard deviation of these cows for any lactation. The coefficient 
of variation for the five-lactation average butter-fat percentage is con- 
sequently lower than the coefficient of variation for the individual lac- 
tations. The mean coefficient of variation for the individual lactations 
is 9.03. This mean value is 1.38 greater than is the coefficient of varia- 
tion for the five-lactation butter-fat percentage. This difference appears 
to be slightly significant indicating a less variability for the butter-fat 
percentage over long periods than over a period so short as one lactation. 

The correlation coefficients for the relation of the individual lactation’s 
butter-fat percentage for the five lactations are all high correlations as 
the run of correlations for this kind of data go. Compared with the 
similar data on milk production the average correlations for milk pro- 
duction are + 0.818 and for butter-fat percentage + 0.827. The value 
of the correlation coefficients is so high in each case that the average 
milk production or butter-fat percentage over a number of lactations 
can be predicted quite accurately from the productions obtained for any 
lactation. 

If it is admitted that there is a regulatory mechanism controlling the 
amount of milk produced by a cow in any lactation as it seems that it 
must be admitted from the evidence, then the large size of the correla- 
tions indicates clearly that this mechanism is working quite accurately 
in governing the relative amount of milk a cow will produce from lac- 
tation to lactation. 

The precision of action of this mechanism for the secretion of butter 
fat in a given cow’s milk is greater than is the precision of action of the 
ovary of a hen in secretion of eggs as may be seen from the data of 
Harris and BLAKESLEE (1918). For the White Leghorn pullets the 
correlation of their monthly productions with their annual production 
ranges from + 0.373 + .030 to 0.695 + .o18. The range of the cor- 
relations for butter-fat percentage is 0.784 + .028 to 0.862 + .o18 
The mean correlation coefficients stand in the relation 0.556 to .827 or 
I to 1.49. 


The correlation coefficients measure the amount of association be- 
tween the butter-fat percentage for one year and that for the five-lacta- 
tion total quite accurately as may be seen by a comparison of their values 
with those of the correlation ratios. The difference of these values is in 
all cases very small in comparison with its probable error. 

The work of this Station has often shown the desirability of having 
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TABLE 44 
Correlation surface for butter-fat percentage of eight-months milk production for the first five lac- 
tations in the cow's life and butter-fat percentage of the eight-months milk 
production at 3 years old for pure-bred Jersey cattle. 


Average butter-fat percentage for first five lactations 
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TABLE 45 


Correlation surface for butter-fat percentage of eight-months milk production for the first five 
lactations in the cow’s life and the butter-fat percentage of the eight-months milk 
production at 3 years old for pure-bred Jersey cattle. 


Average butter-fat percentage for first five lactations 
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a means of predicting a result from a known variable. The regression 
equations given in the last column of table 43 give a means for doing 
this for the butter-fat percentage over the first five lactations of a cow’s 
life from the butter-fat percentage over any lactation. The equation 
for the first lactation will be used in a later section of this paper for a 
table of practical interest. 


THE INFLUENCE OF ENVIRONMENTAL CHANGES ON THE BUTTER-FAT PER- 
CENTAGE FROM LACTATION TO LACTATION, QUANTI- 
TATIVELY CONSIDERED 


As discussed in the introduction the author takes it to be one of the 
final objects of investigations in genetics to determine the relative im- 
portance of environment and heredity in the final appearance of the char- 
acters observed. The importance of this knowledge in the present-day 
studies of inheritance has often been overlooked in the fact that the 
characters dealt with have little relative variability with little or no over- 
lap. The increasing desirability of a knowledge of inheritance of eco- 
nomic characters has forced home as perhaps nothing else could the ne- 
cessity of knowing the extent to which the stresses and strain of en- 
vironment influence the expression of the gene. 

For the character which we are studying, the most favorable environ- 

TABLE 46 
Correlation surface for butter-fat percentage of eight-months milk production for the first five lac- 


tations in the cow’s life and the butter-fat percentage of the eight-months milk pro- 
duction at 4 years old for pure-bred Jersey cattle. 


Average butter-fat percentage for first five lactations 
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TABLE 47 
Correlation surface for butter-fat percentage of eight-months milk production for the first five 
tations in the cow's life and the butter-fat percentage of the ecight-months milk produc- 
tion at 5 years old for pure-bred Jersey cattle. 


Average butter-fat percentage for first five lactations 
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TABLE 48 


Correlation surface for butter-fat percentage of eight-months milk production for the first five 
tations in the cow’s life and the butter-fat percentage of the eight-months milk pro- 
duction at 6 years old for pure-bred Jersey cattle. 


Average butter-fat percentage for first five lactations 
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ment may be considered to bring about the full expression of the heredi- 
tary complex. Taking this definition it follows that environmental 
changes, however slight they may be, are detrimental to the full expres- 
sion of the mammary gland’s possibilities. Since this study deals with 
the records of the same individual cow for successive lactations the in- 
herited complex for her potential butter-fat percentage may be said to 
be given and constant. 

Some measure of the influence of environmental changes from year 
to year may be gained by a study of the coefficients of correlation for 
the butter-fat percentage of one lactation with that of another lactation 
and the coefficient of correlation between the butter-fat percentage of 
one lactation and the butter-fat percentage over a number of lactations. 
In the first case the environmental changes are acting on both lactations 
whereas in the second case the environmental change only acts on one 
lactation as the mean environment will be quite constant over the longer 
period. This measure is not altogether satisfactory. It is however per- 
haps the best measure that it is possible to obtain under the difficulty of 
working individually with the greater number of variables which make 
up environment. The data used for this comparison are the same as 
those on which the correlations of table 43 were based. The correlations 
were first determined for the given lactation correlated with the mean 
butter-fat percentage of the first four of the first five lactations which 
did not include the given lactation. These data are given in table 49. 





TABLE 49 

Correlation coefficients for 

the given lactation corre- 
Lactations Correlation | lated with the mean but- 
correlated coefficients Average correlation coefficients | ter-fat percentage of 

first four non-inclu- 

| sive lactations 
I and 2 0.711 + .036 «Ist lactation | | ast and 
1 and 3 588 + .047 and 2nd, 3rd, 4th, 5th) 0.611 + .044 | 2+3+4+5] 0.690 + .038 
I and 4 667 + .o40 (2nd lactation | 2nd and 
1 and 5 .480 + .055 and ist, 3rd, 4th, 5th 664 + .040 | 1+3+4+5 .775 + .029 
2 and 3 687 + .038 3rd lactation 3rd and 
2 and 4 .646 + .j2 Jand Ist, 2nd, ath, sth .658 + .o41 1-+2+4+5 -778 +. .028 
2 and 5 611 + .045 |4th lactation 4th and 
3 and 4 699 + .037 and Ist, 2nd, 3rd, 5th + .647 + .o42 1+2+34+5 751 + .031 
3 and 5 658 + .o41 [5th lactation 5th and 
4 and 5 576 + .048 |and ist, 2nd, 3rd, 4th .581 + .047 1+2+3+4 .667 + .040 





The average correlation coefficients of a given lactation in comparison 
with the other four of the series are in general 0.1 lower than are the 
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correlation coefficients of the given lactation with the average butter-fat 
percentage of the other four lactations. This difference is consistent in 
amount and in sign. This consistency rather than the amount of the 
difference leads to the conclusion that these slight differences are bio- 
logically significant. The environmental changes may be said to lower 
the coefficient of correlation about one-seventh of its value. This is of 
course for an average environment. The lowering of the correlation 
coefficient from the best environmental complex, for the full expression 
of the cow’s hereditary ability to produce high concentration. of butter- 
fat in her milk, would of course be greater than this by a small amount. 
These results are very similar to those of the previous study on milk 
quantity, the two sets of correlation coefficients differing by about the 
same amount. 


PRACTICAL ASPECTS OF THE CORRELATIONS FOR BUTTER-FAT PERCENTAGE 
OF ONE LACTATION WITH THE BUTTER-FAT PER- 
CENTAGE OF ANOTHER LACTATION 


As many of these results have a highly practical bearing it may be 
well to illustrate one of the uses to which they may be put. The ques- 
tion of what animals shall be saved for milk production and the per- 
petuation of the herd is a constantly recurring one in dairy practice. 
The correlations just deduced in table 43 show that the basis of this se- 
lection should be the ‘records of the previous lactation. Suppose the 
herd is composed of 1000 cows which have just completed their first 
lactation. The equations derived from table 4 on page 263 allows 
the determination of the distribution of the cows with respect to their 
butter-fat percentage providing they are from a similar population to 
these pure-bred Jersey cattle. The equation for this curve, 





a —9.6974 5.2895 tan — I " 
) e 1.9817 





y = 17.8901 (1 + 
3-9271 
allows the calculation of the distribution of these one-thousand cows 
as shown in the second column of table 50. From the eight-months 
butter-fat percentage table 43 gives the equation to determine the ex- 
pected mean butter-fat percentage for the first five lactations. The 
equation is 
Br = 1.819 + .648), 

where Br is equal to the butter-fat percentage of the first five lactations. 
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The data may be tabled for most easy reference by summation of the 
number of cows from both ends of the distribution and tabling the 
mean butter-fat percentage of this group. This has been done for 
table 50. 


TABLE 50 
Actual butter-fat percentage of one-thousand two-year-old cows and the expected five- 
lactation butter-fat percentage for any division of that herd or per: 
cow for any division of it. 


Number of | Number of 

Number of]. Expected |cows sum-/ cows sum-| Expected Expected 
Actual butter-| cows with | butter-fat | med from | med from ‘average but-javerage but- 
fat percent- given butter-| percentage | lowest to | highest to |ter-fat per- |ter-fat per- 





age fat percent-|for the firsthighest but-)lowest but- centage, low-| centage 
age five lacta- |ter-fat per-|ter-fat per-jest to high- | highest to 
tions centage centage est lowest 

3.75-3.-85 I 4.281 I 1000 4.28 5.23 
3.85-3.05 2 4.346 2 999 4.32 5.23 
3.95-4.05 3 4.411 5 908 4.37 5.23 
4.05-4.15 5 4.476 10 995 4.42 5.23 
4.15-4.25 7 4.541 17 990 4.47 5.24 

25-4.35 II 4.605 28 083 4.53 5.24 
4.35-4.45 17 4.670 45 72 4.58 5.25 
4.45-4-55 25 4.735 70 955 4.64 5.26 
4.55-4.65 34 4.800 104 930 4.69 5.27 
4.65-4.75 45 4.865 149 896 4.74 5.29 
4.75-4.85 56 4.929 205 851 4.79 5.31 
4.85-4.95 66 4.904 271 795 484 | 5-34 
4.95-5.05 75 5.059 345 729 489 | 5.37 
5.05-5.15 80 5.124 426 655 4.93 5.41 
5-15-5.25 82 5.189 508 574 4.97 5.45 
5.25-5.35 80 5.253 588 492 5.01 5.49 
5.35-5-45 75 5.318 664 412 5.05 5.54 
5.45-5.55 68 5.383 731 336 5.08 | 5-59 
5-55-5-65 59 5.448 790 269 5.11 5.64 
5.65-5.75 49 5.513 8390 210 5.13 5.69 
5.75-5.85 40 5.577 880 161 5.15 | 5.74 
5.85-5.05 32 5.642 QII 120 5.17 5.80 
5.95-6.05 24 5.707 | 936 89 5.18 5.86 
6.05-6.15 18 5.772 | 954 64 5.19 5.91 
6.15-6.25 14 5.837. | 968 46 5.20 5.97 
6.25-6.35 10 5.901 | 978 32 5.21 6.02 
6.35-6.45 7 5.966 085 22 5.22 6.08 
6.45-6.55 5 6.031 990 15 5.22 6.13 

.55-6.65 4 6.006 | 904 10 5.22 6.18 
6.65-6.75 3 6.161 996 6 5.22 6.23 
6.75-6.85 2 6.225 998 4 a 6.27 
6.85-6.95 I 6.290 999 2 5.23 | 6.32 
6.95-7.05 I 6.355 | 1000 I 5.23 6.35 





The first column of the table gives the butter-fat test of the milk pro- 
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duced in the first eight months of lactation for two-year-old cows. The 
second column gives the distribution of a herd of one-thousand two-year- 
old cows of like constitution to the pure-bred Jersey cattle which are 
being studied. All the calculations have been carried to several decimal 
places beyond the tabled constants as only by so doing would the results 
have been more than approximately correct. The third column gives the 
butter-fat percentage to be expected for the first-five-lactations milk of 
cows which have the butter-fat percentage of those shown in the first 
column. 

Noting the expected butter-fat percentage of the highest and lowest 
tested cows in this column it is seen that those cows which test very low 
in butter-fat (3.75 to 3.85) in their first lactation on the average in- 
crease 0.581 percent of butter-fat for the milk of their first five kacta- 
tions; for the highest butter-fat-test cow in their two-year lactations the 
butter-fat percentage for their first five lactations is on the average 
0.645 percent of butter-fat lower than is the test for the first lactation 
test. 

The third and fourth columns give the summations of the number of 
cows from the lowest butter-fat test to the highest and from the high- 
est butter-fat test to the lowest. The last two give the butter-fat test 
expected for these one-thousand two-year-old Jersey heifers when the 
herd is divided at any given place. To illustrate suppose the owner is 
to cull this herd so that only cows which produced 5.25 percent of but- 
ter fat in their first lactation will remain in it, what percent of butter fat 
could he expect the remainder of the herd to produce? The answer is 
found to be 5.49 percent in the last column of the table on the line with 
the 5.25-5.35 butter-fat percentage of the first column. Should it have 
been desirable to know the butter-fat percentage of the culled section of 
the herd this is found in the sixth column to be 4.97 on the line with 
5.15-5.25 of the first column. The number of individuals remaining in 
this herd after culling may be seen in the fourth and fifth columns. 
Since these are tabled for 1000 individuals they may be easily reduced 
to percentages should it be convenient to deal with the results in this 
way. 

These results are of course only applicable to herds similar to the one 
being studied. The‘comparison of the butter-fat test makes it seem likely 
that with only small error these results may be used for the whole of the 
Jersey breed and possibly the Guernsey breed. 
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THE RELATIVE CONTRIBUTION OF ONE LACTATION’S BUTTER-FAT PER- 
CENTAGE TO THE BUTTER-FAT PERCENTAGE OVER 
THE FIRST FIVE LACTATIONS 


The correlation between the five-lactations butter-fat percentage and 
deviation of the single component lactation from its probable value 
measures a relation of considerable significance. This significance is 
fairly clear, for should such a correlation exist it proves a difference in 
the lactation values that concern the butter-fat percentage of a cow. Such 
a difference would indicate a distinct set of factors influencing the but- 
ter-fat percentage at one lactation but not so influencing the others. 
Such a correlation has been shown for egg production in the Barred 
Plymouth Rocks (PEARL and SuRFACE I9gI1I) and in the White Leg- 
horn pullets (Harris and BLAKESLEE 1918). Table 51 gives the cor- 
relation coefficients for this relationship. 


TABLE 51 
Correlation between the butter-fat percentage of the first five lactations 
and the deviation of the individual records from 
their probable values. 
| ne Correlation co- 
Variable correlated Correlation efficient 
coefficient [Probable error 





2-year butter-fat percentage and 5-lacta- 
tion butter-fat percentage......... — 0.035 + .072 .482 
3-year butter-fat percentage and 5-lacta- 
tion butter-fat percentage......... 0.023 + .072 382 
4-year butter-fat percentage and 5-lacta- 
tion butter-fat percentage......... 0.108 + .071 1.52 
5-year butter-fat percentage and 5-lacta- 
tion butter-fat percentage......... — 0.018 + .072 25 





6-year butter-fat percentage and 5-lacta- 
tion butter-fat percentage......... — 0.233 + .068 3.43 


The correlation coefficients of table 51 are plus, twice, and minus, 
three times. They range in value from + 0.108 to — 0.233, from 0.25 
to 3.43 times their probable error. Only one correlation coefficient can 
be considered significant as judged by this standard. Such small cor- 
relations with no consistency in sign make it doubtful if the butter-fat 
percentage of any lactation is anything but random so far as the relative 
contributions of the high and low butter-fat producers to the life-time 
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butter-fat percentage of cows’ milk is concerned. These facts make it 
clear that no difference in the relative concentration of butter-fat or 
separate cycles of this butter-fat exist. The factors governing the se- 
cretion of milk fat can, in view of this conclusion, be said to control the 
butter-fat secretion throughout the cow’s life and not for any period 
as short as one lactation. 


SUMMARY 


This paper has as its object the presentation of quantitative data along 
with the biometrical analysis of the same, on the normal variations and 
correlations of the butter-fat percentage contained in Jersey milk during 
the different lactations of the cow’s life. In this sense this paper is the 
copartner to the previous paper in this series (GOWEN 1920) dealing 
with the variatioris of milk yield for these same Jersey cows. The data 
used for this study are especially suited to the objects of this investiga- 
tion. They are from a strictly homogeneous group of records for the 
butter-fat percentage of normal, healthy, pure-bred Jersey cows main- 
tained under the conditions of a large farm, managed by a well-trained 
man thoroughly versed in his business. While stated in general form 
the conclusions are not presumed to be more general than the data on 
which they are based. Certain comparisons with other data contained 
in the body of the paper make it seem altogether probable that to a large 
degree the conclusions are of general application to most of the other 
dairy breeds of cattle. The well recognized need for such data and an- 
alysis in physiological and genetic research and the significant relation 
such data have to the improvement in yield and in the selection of cows 
to remain within the herd have made it seem desirable to present as 
complete numerical data as possible. 

The following paragraphs briefly state the conclusions which are con- 
sidered of most importance. Unless stated to the contrary, these con- 
clusions apply to the pure-bred Jersey herd the data for which are given 
in this paper. 

This investigation deals with 1713 records for the butter-fat per- 
centage of the first eight-months lactation, each cow milking at least 
nine months. The frequency polygons for butter-fat percentage are 
nearly symmetrical. One only, at the ages nine to ten years, diverges 
noticeably from this form. The range of variation extends from 3.65 
to 6.95 percent of butter fat. The height of the modal ordinate and 
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the shape of the polygons do not change markedly with age as was the 
case for the curves for milk production of the same data. Only one 
mode is evident in any of the histograms. 

Comparatively studied, the butter fat in the milk secreted by twenty- 
eight breeds of cows shows that the means of these breeds form a dis- 
tribution distinctly bimodal in character. The mode of the first curve 
coming at about 3.7 percent and of the second at about 5.0 percent of 
butter fat. 

Study of the standard deviation of typical members of the above 
groups shows a greater scatter in the butter-fat percentages in the group 
where the butter-fat concentration is high than in the group where the 
butter-fat concentration is low. 

The analytical constants show that the butter-fat-percentage histo- 
grams of the eight-months milk production are PEARsoN’s type I, III, 
IV and V, and normal curves. The skewness of these curves, where 
they are skew, is plus, four times, and minus, twice. The skewness for 
each curve is small in amount. This relatively small size of the skew- 
ness has some interest to those investigators who deal with advanced- 
registry records, since within a small error normal curves may be con- 
sidered to describe the general population from which the truncated 
portion is drawn in advanced-registry selection. 

The correlation coefficient of butter-fat percentage with age is 0.1126 
+.0161. The correlation ratio calculated from the same data is 0.1478 
0159. The excellent agreement between these two constants shows that 
the regression of butter-fat percentage on age is to all intents and pur- 
poses linear. The highest mean butter-fat percentage occurs in the first 
lactation of a cow’s life. From this high point there is a slight decline 
in the butter-fat percentage as age advances. 

Comparison of these correlations with those for the other breeds, 
Guernsey, Ayrshire and Holstein-Friesian, leads to the following law 
expressing the relation between age and butter-fat percentage: Each 
increment of time added to a cow’s life causes a slight decline in the 
relative amount of butter-fat which that cow can secrete into her milk 

The standard deviations of butter-fat percentage decreases very 
slightly with advancing years. The function describing this decrease is 
a linear one. 

Correlation tables for butter-fat percentage for lactations during cer- 
tain age groups are presented. 

The mean butter-fat percentages derived from these tables remain, 
within the limits of random sampling, the same for any given age, at 








BUTTER-FAT AND AGE IN JERSEY CATTLE 321 


test, irrespective of the age at which the same cows were subsequently 
tested. 

The standard deviations of the butter-fat percentage for the various 
age groups remained at the same value within the limits of sampling ir- 
respective of the age at which a subsequent test was made. 

The coefficients of variation for the butter-fat percentage of the vari- 
ous ages also remained approximately constant irrespective of the age at 
which a subsequent test was made on the same cows. 

These facts show that cows kept in the herd at any given time were all 
equally likely to be kept in the herd at any other time so far as their 
eight-months butter-fat percentage was concerned. This point removes 
any possible criticism of the conclusions drawn from these studies on the 
ground that the data were subject to selection. 

The correlation coefficients for the butter-fat percentage of one lacta- 
tion with the butter-fat percentage of another lactation range from 
0.2470 + .0640 to + 0.6781 + .0310. The signs of these correlation 
coefficients are all plus. The graphs of these correlations are approxi- 
mately linear. -Very little or no difference occurs in the values of the 
correlation coefficients of the butter-fat percentage at a given age with 
the butter-fat percentage for another age. 

Comparison of these correlation coefficients with those for milk pro- 
duction shows that the average coefficient of correlation for the butter- 
fat p*rcentage of one lactation with that of another lactation is + 0.5215, 
and the average correlation coefficient for milk production of one lacta- 
tion with another lactation is + 0.5352. The correlations for milk pro- 
duction are higher, although not significantly so, than those for butter-fat 
percentage. Such being the case it follows that the relative accuracy in 
the use of one lactation record to predict the expected record of another 
lactation is approximately the same for the butter-fat percentage and 
for milk yield. 

These correlation coefficients are high for data of economic impor- 
tance. The mean coefficient of correlation for monthly egg production 
with the yearly egg production is + 0.446. The range of these corre- 
lation coefficients is also lower than the correlation coefficients for butter- 
fat percentage. In terms of physiology this difference in the correlation 
coefficients for ovulation and butter-fat percentage means that the mech- 
anism controlling the mammary gland has greater precision in its action 
than has the mechanism controlling the action of the ovary. 

The correlation ratios were calculated. Comparison of these correla- 
tion ratios with the correlation coefficient shows all of the regressions to 
be linear regressions. 
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The means, standard deviations and correlation coefficients give the 
necessary constants to form the straight-line equations for the predic- 
tion of the butter-fat percentage of any given lactation at any age from 
these known variables at another age. These equations are given in 
table 37. Examination of these equations shows that the age at which 
the butter-fat percentage determined for the milk most nearly repre- 
sents the cow’s potentialities is five years. The age at which to predict 
the butter-fat percentage of the other years, to arrive at the most nearly 
accurate result, is two years. The correlation coefficients for butter-fat 
percentage of a given lactation with a butter-fat percentage of two lac- 
tations of which the given lactation is one component, range from 
0.7048 + .0343 to O.gI8I + .009g0. 

The correlation coefficients of the butter-fat percentage of one lacta- 
tion with the butter-fat percentage of the first five lactations range from, 
0.784 to 0.862. Each regression is shown to be linear by a comparison 
of the correlation coefficients and correlation ratios. The regression 
equations for the prediction of the five-year butter-fat percentage from 
the percentage of any given year are given in table 43. 

The difference of the correlation coefficients for one lactation’s butter- 
fat percentage with that of another lactation and for one lactation’s 
butter-fat percentage with the butter-fat percentage over four lactations 
has been determined. The difference of these correlation coefficients 
gives a means of measuring the effect of environmental changes on the 
butter-fat percentage of one lactation, since in the first case the environ- 
mental changes of the different lactations as they affect milk production 
make themselves felt in the correlation coefficients, and in the second 
case, the use of the butter-fat percentage for the four lactations give a 
mean of these environmental effects. The result of this comparison 
showed that environmental changes lower the correlation coefficients 
from one-seventh to one-eighth of what it would be under the conditions 
of an average environment. The environmental effect on butter-fat per- 
centage is consequently about the same as the environmental effect on 
milk production. Since the internal governing action of the cow for 
butter-fat percentage has nearly six times the effect in controlling butter- 
fat percentage that the environmental changes have, it follows that this 
internal mechanism (probably hereditary) plays a greater part in de- 
termining what these Jerseys’ butter-fat percentage will be than does the 
environment. 

The equations to predict the butter-fat percentage of the first five lac- 
tations from the butter-fat percentage of a single lactation are of great 








BUTTER-FAT AND AGE IN JERSEY CATTLE 323 


importance in culling mediocre cows from the herd. The use of these 
equations is illustrated in table 50. 

The relative contribution of the butter-fat percentage of the different 
lactations to butter-fat percentage over the first five lactations is the 
same up to the fifth lactation. In the fifth lactation the correlation co- 
efficients would seem to indicate a slightly less relative contribution of 
the higher-test cows to the five-lactation butter-fat percentage than is the 
relative contribution of the lower-test cows. In general, since the sig- 
nificance of this correlation is only slight, the conclusion can be safely 
drawn, that the factors which govern butter-fat percentage have their 
regulatory power maintained in the same relative strength throughout 
the life of the cow to the exclusion of any group of factors acting within 


this life for short periods. 
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INTRODUCTION 


The important generalizations concerned with the mechanism of hered- 
ity have until recently been supported almost wholly by evidence drawn 
from breeding experiments with insects. The reasons for this are ob- 
vious, for the proof and application of the chromosome theory of he- 
redity depends primarily on linkage. The study of linkage can only be 
prosecuted where animals or plants exhibiting well defined unit variations 
can be bred in large numbers. Critical evidence must hence be accumu- 
lated by strictly experimental methods. These conditions were at first 
satisfied only by the vinegar-fly, Drosophila melanogaster, which still re- 
niains in many ways the most ideal material for experimentation in he- 
redity. However, generalizations so important as to affect considerably 
our ideas of evolution, should be tested for other organisms, and the last 
few years have witnessed an extension and confirmation of the chromo- 
some theory by investigators working with many kinds of animals and 
plants. 


*The studies on which this paper is based were made at the Bussey Institution, 
HARVARD UNIVERSITY. 
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Most recently, perhaps, the mammals have been added to the list of 
animals exhibiting linkage. Investigation in the higher animals must of 
necessity proceed more slowly than in either plants or insects. The 
mammals as compared with the insects or plants, are slow breeders. 
Their period of gestation is relatively long, the numbers born in each 
litter are small, and the difficulties regarding space, maintenance and 
disease are many. The number of known variations is small, and since 
most of the species available for laboratory study are characterized by 
many chromosomes, the probability of more than one character being 
located in each chromosome is small. 

Nevertheless, it is important that search should be made in the mam- 
mals for data bearing on the chromosome theory. Critical evidence is 
that derived from the study of the linkage relations between genes, and 
the establishment of linkage has as its object the localization of the he- 
reditary determiners. Some evidence of the localization of genes in 
mammals is now available. That linkage has not often been found is a 
not unexpected or entirely negative result, for it may often be shown 
that the genes for certain characters are not linked (independent). This 
fact localizes the genes in different chromosomes, which is in many ways 
as definite a result as the establishment of linkage which localizes them 
in the same chromosome. 

In the paragraphs which follow there are presented the results of ex- 
perimental studies of two cases of linkage in rodents, one in some de- 
tail. Later it is planned to summarize the results of investigations of 
heredity in mice, which indicate that other genes for color variations 
are not linked but independent. 


ESTABLISHED CASES OF LINKAGE IN MICE AND RATS 
Previous investigations 

There are now four well established cases of linked genes in rats and 
mice, and these are also the only known cases of linkage (aside from sex- 
linkage) in mammals. CAsTLE and WRIGHT (1915) reported the first 
of these cases. They found evidence of linkage between the genes for 
two new color variations of the Norway rat, red-eyed yellow and pink- 
eyed yellow, which had been described previously by CastTLE (1914). 
Subsequently CAsTLE (1916, 1919) investigated this linkage in greater 
detail and found the crossover value between these two genes to be 
about 18.3 percent. This value was calculated from a total of 4476 
young and probably describes quite accurately the relation of the gene 














LINKAGE IN MICE AND RATS 327 


for red-eye to that for pink-eye. Crossing over in both sexes was in- 
dicated. 

The publication of the first report on this linkage was soon followed 
by a preliminary report by HALDANE, SpruNT and HALDANE (1915) 
on the linkage between the genes for pink-eye and albinism in house 
mice. The authors preferred, however, to explain the results of their ex- 
periments in terms of the reduplication hypothesis. They found the 
gametic series 1:3: 3:1 to be characteristic of the relation between these 
two genes, as compared with the gametic series 1:1:1:1, normally ex- 
pected from hybrids between two independently segregating characters. 

Data for this cross had been extant since the work of DARBISHIRE 
(1904) and of CuéNot (1907). Both of these authors had crossed 
pink-eyed mice with albinos. Their data showed that the two characters 
were distinct, for in the first generation dark-eyed, full-colored mice 
were produced. DarsisHire’s data comprised fairly large numbers, and 
a serious departure from normal Mendelian expectation was apparent in 
his second generation, which indicated linkage between the two genes 
involved. His data, however, were not suitable for a study of this point, 
and it went unnoticed. In the summer of 1916 the writer, under the di- 
rection of Professor CasTLr, undertook the investigation of the rela- 
tionship between pink-eye and albinism in mice. At that time we were 
not aware of the work of HaALpANE et al., but were familiar with 
DarBISHIRE’S data. This investigation was conducted by the writer un- 
til April 1917, and was then taken over by Professor CasTLE, who car- 
ried it on until my demobilization in March 1919. A report by CASTLE 
gave the crossover value between pink-eye and albinism as approxi- 
mately 14 percent. 

The linkage between albinism, pink-eye and red-eye in rats was first 
noted by CAsTLE (1916). It was later established by increased data 
(CASTLE 1919) from which was calculated a crossover value of 21.1 
percent between pink-eye and albinism. This rested on a total of 90 
gametes. Only one cross-over was detected between red-eye and albi- 
nism in 434 tested gametes. The crossover value between these genes 
was hence but a fraction of one percent and a very close linkage be- 
tween them was indicated. 

In confirmation of this linkage Wuitinc and KInG (1915) have re- 
ported crosses between red-eyed and ruby-eyed-dilute rats. Such crosses 
produced full-colored gray rats in F, (87) and 59 grays, 19 ruby-eyed 
dilutes and 23 red-eyed yellows in F,. No double recessives, viz., ruby- 
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reds, appeared in F,, indicating that no crossing over occurred between 
ruby and red, and hence that these two genes are closely linked. Ruby- 
eyed dilution is an allelomorph of albinism and is therefore determined 
at the same locus as albinism; it should exhibit the same linkage with 
red-eye as with albinism. The results obtained indicated that this was 
the case. 

The experiments to be reported here are concerned with the linkage 
relations of pink-eye and albinism in mice and of red-eye and albinism in 
rats. It is due to the kindness of Professor CasTLE that I am able to 
include mouse-breeding data gathered by him during my absence from 
the laboratory. 


THE PRESENT INVESTIGATION 


Linkage of pink-eye and albinism in mice 
a. The characters involved 


The albino and pink-eye characters studied by HALDANE et al. and by 
CASTLE in mice, and by CasTLe and WRriGHT in rats, are identical with 
the characters under consideration in the present report. The Mendelian 
nature of each has been firmly established by numerous investigators. 
Albinism has long been known as a unit variation recessive to color in 
the mouse, rat, guinea-pig and rabbit, to mention only members of the 
order Rodentia. It consists in complete (or almost complete) absence 
of color from the hair, skin and eyes, leaving the hair and skin white 
and the eyes pink. Cuénor first attributed this absence of color in the 
albino to the absence of a chromogen or color base in the presence of 
which pigment-forming enzymes may produce their respective colors. 
The gene for color or chromogen has been represented by “C,” its ab- 
sence or albinism by “c.” The genes for pigment-forming enzymes were 
shown to be present in albinos but to have no effect in the absence of C. 
This has remained the most convenient theory for genetic experiments 
and the notation arising from it is still used, although its correctness has 
been seriously questioned. ONsLow (1915) has found evidence that 
absence of color in mammals is due not to absence of chromogen but to 
enzyme differences, in certain specific cases to the absence of a peroxi- 
dase. When tyrosinase was added to preparations from albino animals, 
the oxidation of tyrosin proceeded and black pigment was formed. This 
agrees well with recent discoveries of graded series of albinos in guinea- 
pigs, rabbits, rats, cats, and other animals. All of these grades of albi- 
nism possess a common gene which may be present in a series of alterna- 
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tive forms, each condition allelomorphic with its fellow members of the 
series. This central gene for albinism is present not only in animals 
entirely devoid of color, but also in animals capable of developing a cer- 
tain amount of black or brown pigment, such as the Himalayan rabbit 
or the Siamese cat, in which the extremities are pigmented. The ex- 
planation of albinism is, then, nothing so simple as mere presence or 
absence of a gene for color. It is rather, as WricHT (1916) has sug- 
gested, a graded condition due to the varying activity or inhibition of a 
basic enzyme on a chromogen. Each grade has shown itself to be due to 
a gene of an allelomorphic series, the more intense grades being domi- 
nant to those of less pigmentation. Thus in guinea-pigs WRIGHT (1916) 
has identified four multiple allelomorphs of the color gene, (1) intense 
or full color, (2) dark-eyed dilution, (3) red-eyed dilution, and (4) 
albinism. The form of albinism found in guinea-pigs should be dis- 
tinguished from the true pure white albinism of rabbits, rats and mice, 
for the albino guinea-pig has pigmented extremities like the Himalayan 
albino rabbit. No ordinary albinism has yet been reported in guinea- 
pigs. In rabbits, CasTLE, PUNNETT and others have shown that a series 
of multiple allelomorphs exists from (1) intensity through (2) Hima- 
layan albinism to (3) ordinary albinism. In rats, WHITING and KinG 
(1918) have recently found a ruby-eyed dilute variation due to a gene 
allelomorphic with intensity and albinism. The allelomorphs of the 
color gene in rats are now, in order of dominance (1) mtensity (2) 
ruby-eyed dilution (3) albinism. 

The experimental breeding of mice has disclosed no such alternative 
conditions of the color gene as are exhibited in guinea-pigs, rabbits and 
rats. Unit variations in density of color occur, but in each case these 
have been traced to genes distinct from that for color. 

A second unit variation affecting color has been found in rats, guinea- 
pigs, and mice. The appearance of animals exhibiting this variation is 
similar in all three species. The eyes are pink, resembling the eyes of 
albinos, although a slightly darker shade is discernible on close examina- 
tion, due to microscopic amounts of pigment in retina and iris. The fur 
and skin of pink-eyed animals are distinctly lighter in color in those por- 
tions which in dark-eyed individuals are black or brown, while yellow 
portions appear similar in both dark-eyed and pink-eyed animals. 

The gene for this character appears to be homologous in all three 
species in which it is found, for it produces homologous results and has 
shown in the rat and mouse similar relationships with other genes. It 
was shown by CASTLE and LITTLE (1909) to be distinct from the in- 
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tensity-dilution pair of allelomorphs (D and d) and to be the recessive 
allelomorph of dark-eye (P). By them it was given the symbol (/). 
The work of DarsisHtreE had shown it to be distinct also from the gene 
for color. 

The mode of action of the gene for pink-eye is to reduce materially 
the number of black and brown pigment granules formed in hair, skin 
and eyes. Its action is selective, for yellow, which occurs as a non- 
granular ground color, is not affected in amount or intensity. Pink- 
eyed black rats and mice are a pale cream color, while in pink-eyed 
black guinea-pigs the black is still less in amount and the animals are 
sooty white. Pink-eyed brown mice and guinea-pigs are paler in color 
than pink-eyed blacks and show a tawny or ochraceous tinge. The pink- 
eyed black agouti and cinnamon varieties of all three animals are taken 
by the casual observer to be yellow, since the intense yellow tips of the 
agouti hairs are as fully colored as in dark-eyed agoutis and overlie the 
usually black or brown portions of the hairs nearer to the body. In 
pink-eyed agouti mice, these black or brown areas are pale blue-gray 
and pale brown respectively, while in rats and guinea-pigs the black or 
brown pigments have almost entirely disappeared from the hair leaving 
the bases a dirty cream color and the tips clear yellow. In rats such 
animals are known as pink-eyed yellows, though when crossed with dark- 
eyed blacks they soon give evidence of their agouti nature by producing 
dark-eyed agouti young. A similar quantitative reduction of granular 
pigments is seen in the eyes of pink-eyed colored animals. The ordi- 
nary dark eye of rodents is colored by black and brown pigment gran- 
ules in retina and iris. In pink eyes Miss DurHAM (1908) found that 
pigment was not entirely lacking as in albinic eyes, but that iris and 
retina contained very small numbers of black or brown granules. Lir- 
TLE found very little pigment in the retina and a moderate amount in 
the iris. The pinkness of the eye is due to the reflection of light from 
unobscured blood vessels of the retina through an almost transparent iris. 


b. The plan of the experiments 


The plan of the experiments designed to determine the linkage rela- 
tions between pink-eye and albinism in mice does not differ from the 
general plan already established for testing linkage relations in insects 
and plants. Albino females of known genotype (ccPP) were crossed 
with pink-eyed colored males of genotype CCpp; and similar matings 
were made between albino males and pink-eyed colored females. The 
first generation from these crosses consisted entirely of dark-eyed col- 
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ored animals of which 142 were raised. These F, animals were then 
mated to each other and a second generation of 580 individuals was re- 
corded. The actual distribution of these F, animals is given below con- 
trasted with the distribution expected on an hypothesis of independence 
of the pink-eye and albino genes. 














Dark-eyed Pink-eyed 
colored colored Albino Total 
Actual 295 129 156 580 | x? = 7.597% 
| | 
Expected 326.25 108.75 145 580 | - = wait 








The distribution obtained fits the theoretical distribution very badly 
and shows a distinct excess of pink-eyed and a paucity of dark-eyed 
This agrees with the F, distribution of DARBISHIRE and of HALDANE, 
and indicates that repulsion has taken place between (p) and (c) in the 
gametes of F,, for by random, independent assortment of these char- 
acters among the F, eggs and sperm we should obtain the following 
array of genotypes: 








F, parents CcPp b 4 CcPp 
CP CP (crossover 
Gametes | ¢P cp J 
Cp Cp non-cross- 
| cP cP over 
(z: CCPP 1 CCpp 1 ccPP 
2 CCPp 2 Ccpp 2 ccPp 
F, zygotes |2 CcPP I ccpp 
expected 4 CcPp 
.9 dark 3 pink 4 albino 


Since the F, distribution is manifestly altered by linkage, and since the 
characters supposed to be linked entered the original cross separately 


1In judging the goodness of fit of the distributions obtained to the theoretical dis- 
tributions required by independent Mendelian assortment I have used PEaRsoNn’s 


(o—c)? 


— and the values of P corresponding to values of y? as calcu- 





formula xX? =z 


lated by ELperTon in Pearson’s “Tables for statisticians and biometricians” (1914). 
Believing, however, that this method of measuring goodness of fit should not super- 
sede but rather aid the usual method of geneticists in judging by inspection com- 
bined with a consideration of the particular biological facts and conditions of the 
experiment, I have added to each table without comment the values of xX and P 
which I calculated for my own convenience. 
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(Cp X cP) these combinations should be relatively more frequent; 
while the combinations CP and cp could occur only as a result of cross- 
ing over and should be relatively less frequent. 

To measure the frequency of crossing over in the F, gametes, the F. 
pinks and albinos were saved and tested. The F, pinks were crossed 
with pure albinos (ccPP); the F, albinos were crossed with pure pinks 
(CCpp). In this way the F, pinks and albinos were sorted into their 
several biotypes. Out of 75 F, albinos thoroughly tested by crossing 
with pure pink, 55 proved to be of genotype ccPP and 20 of genotype 
ccPp. Of the 150 F, gametes which produced these 75 albinos, 110 
(2 X 55) must have been cP (non-crossovers); of the remaining 40 
gametes, 20 must have been CP and 20 cp (crossovers). The F, cross- 
over gametes were then 20 out of a total of 150 or 13.33 percent. 

Similarly, out of 63 F, pinks, 45 proved to be of genotype CC pp, due 
to combinations of 90 non-crossover gametes, while 18 proved to be 
Ccpp, referable to 18 Cp (non-crossover) and 18 cp (crossover) gam- 
etes. The crossover gametes totalled 18 out of 126 or 14.28 percent. 
A combination of the figures for both of these tests shows that out of 
276 F, gametes tested, 38 or 13.76 percent (+ 1.396) were due to cross- 
ing over.” We may regard this as a preliminary estimate of the strength 
of the linkage between these characters. 

From pink-eyed individuals shown by the test matings to be Ccpp, 
albino young were obtained which were recessive in both characters, viz. 
albinos pure for pink-eye (ccpp). All animals of type CcPp, where c 
and p had entered separately, were also saved, and reciprocal matings of 
CcPp and ccpp were made in large numbers. Results of these matings 
gave a direct index of the amount of crossing over in both sexes as may 
be seen from the possible combinations. 

Theoretically, the crossover classes CcPp and ccpp should be equal, 
and therefore all dark animals resulting from this mating should be equal 
to one half of the total number of crossovers. Fortunately dark-eyed 


2 The probable errors of linkage values in this paper have been calculated by use 
, /P(QQ—P) . . 
of the formula E, = .6745 \/————— as given by Hatpane (1919). P is the ob- 
n 
served value of the theoretical linkage value p, and is calculated from the distribution 
I—)p 


2 


Ab: 





- WE 
of gametes formed by the double heterozygote in the proportion — AB: 
2 





I—) 
aB: Po ab. Where A and B enter separately, the linkage value is p; where 
2 2 


A and B enter together the linkage value is I—>). 
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young may be distinguished at birth from light-eyed (pink-eyed and 
albino) young by the presence of a distinct ring of black pigment in the 
position of the eye. This region in pink-eyed and albino young is quite 
colorless. This fact made it possible to record the numbers of dark- 
eyed and light-eyed young soon after birth. The young were then killed 
and the mother bred again. Large numbers were raised by this method 
in a comparatively short time and in few pens. 

These matings produced 3141 young, of which 2919 were pink or 
albino and 222 were dark. Since the darks represented approximately 
one-half the crossovers, the total crossovers were presumably 444 or 
14.14 percent (+ .418) of the total. 

Calculations of linkage strength had up to this time been based on the 
relations between the genes c and p when they entered the cross sepa- 
rately (repulsion). To complete the experiment crosses were made in 
which the genes entered the cross together (coupling). Dark-eyed ani- 
mals (CCPP) were mated with albinos recessive in both genes, (ccpp). 

The first generation consisted entirely of dark-eyed animals (CcPp) 
and these were mated again to the double recessives. These matings 
should yield the following genotypes: 


Parents CcPp X ccpp 
Non-crossover cat _. J§CcPp (dark) | Non-crossover 
gametes cp a= lccpp (albino) { zygotes 


Crossover gametes Cp \ x cp = § Ccpp (pink)  } Crossover 
cf \ccPp (albino) } zygotes 


Here the distinguishable class (dark) represents one-half the non- 
crossovers. To find the number of crossovers, twice the number of 
Garks produced must be subtracted from the total number of offspring. 

The actual number of animals produced from this cross was 3331 of 
which 1414 were dark and 1917 were light. The calculated number of 
crossovers was 503, which is 15.1 (+ .417) percent of the total pro- 
duced. 

The final value of the linkage between the genes for pink and albi- 
nism in mice is calculated by combining the figures for all experiments 
as in table 1. 

For several reasons this final value may be regarded as expressing 
very closely the relations between these two characters in mice. The 
number of observations is large, and the agreement between the values 
in the separate crosses is close. The probable error (+ .288) of the 
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TABLE I 
Experiment Total Crossovers Percent 
Repulsion (Cp X cP) 3142 444 14.13 (+ .418) 
Coupling (CP X cp) 3331 503 i (2 27) 
Repulsion (F,)...... 276 38 13.76 (1.396) 
BOON dikes va.ces 6749 985 14.59 (+ .288) 


total value is extremely small for linkage determinations. The personal 
error is small with such easily distinguishable characters, and the method 
of taking records within twenty-four hours after birth has probably re- 
duced the possible error arising from selective depletion of young after 
birth. In the latter part of the experiments a study of this last-named 
source of error was made in order to determine whether it had altered 
the linkage value by affecting the distribution of light and dark young. 
A brief discussion of this study will show that it has not seriously al- 
tered the results. 


c. Depletion of litters 


It has been noticed by several experimenters with rodents that the size 
of the litter is subject to a certain reduction from birth until the young 
animals are weaned. A quantitative study of such,reduction or elimina- 
tion has been made by DETLEFSEN and RosBerts (1918) and my results 
bear out their general conclusion. Although a part of this reduction is 
due to infant mortality, accident and malnutrition, the more important 
cause is the destruction of young by older animals in the pen, spoken of 
in the present paper as depletion. The young are eaten either by the 
male, by other pregnant females in the pen, or by their own mother be- 
cause of annoyance or overcrowding by other animals. This is due al- 
most entirely to the usual method of breeding several females, (in these 
experiments three) to one male, and allowing the young to be born in 
the breeding-pen. Isolation of pregnant females in separate pens has 
been found to eliminate almost entirely the loss from depletion. To 
study its effect in these experiments certain mothers from the coupling 
series were isolated when pregnant. One-hundred and forty-five litters 
born of these mice in isolation averaged 6.02 young per litter while 145 
control litters born in breeding-pens averaged 4.47 young per litter. 
Has this depletion altered in any way the distribution of the classes of 
young expected? The only way in which the distribution could be al- 
tered is by discrimination on the part of the mother between light-eyed 
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and dark-eyed young, although it is possible that certain character com- 
binations have greater survival value than others. Depletion unaccom- 
panied by discrimination or difference in survival values should affect 
both light- and dark-eyed classes alike. Data on this point are found in 
the comparative distributions of isolated (undepleted) litters and breed- 
ing-pen (depleted) litters. Of 874 young born in isolation pens 40.3 
percent were dark- and 59.7 percent were light-eyed (pink or albino). 
Of 649 young born in breeding-pens 42.8 percent were dark- and 57.2 
percent were light-eyed. Although the distributions are quite similar it 
appears that the smaller (dark-eyed) class has been depleted somewhat 
less than the larger light-eyed class. If we consider the effect of such 
depletion on the number of crossovers, it is apparent that in a larger 
number of litters such differential depletion has not been operative. 

For the 649 young born in breediiig-pens the percentage of crossovers 
observed is 14.3 percent; for the 874 young born in isolation this value 
is 19.04 percent. The effect of depletion seems to be to reduce the num- 
ber and percentage of crossovers. The crossover value is however a 
function of the number of dark-eyed animals produced, since the darks 
constitute in this experiment (coupling) one-half the non-crgssovers. 
Any cause which tends to increase the proportion of darks, therefore. 
tends also to reduce the proportion of crossovers. If the differences 
caused by depletion in the two series of litters given above are real and 
not due to random sampling, the differences should persist when larger 
numbers are considered. Let us examine the operation of depletion on 
3142 young born in the reciprocal experiment (repulsion series). All 
animals in this experiment were born in breeding-pens and all litters 
were subject to depletion. According to the previous data the proportion 
of light-eyed young should be lowered and the proportion of dark-eyed 
young raised. Since the darks here constituted one-half the crossovers 
any cause tending to increase the proportion of darks should increase 
also the proportion of crossovers. Yet the percentage of crossovers for 
these depleted litters (14.13) (repulsion series) is practically the same 
as the percentage for the depleted control litters (14.3) of the coupling 
series and the same cause should operate in opposite directions in the 
two series. Where the numbers are small, differential depletion of light- 
eyed young appears significant, yet where the numbers are large, such 
a significance disappears. It seems probable, then, that differential de- 
pletion has not seriously affected the gross result, and that its appearance 
in small samples was due to random sampling. 
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d. Crossing over in both sexes 
Records were kept throughout the experiments of the number of cross- 
overs produced by heterozygous males and females respectively. These 
records are summarized briefly in the following table. 














TABLE 2 

Repulsion experiment, Non-crossovers| Crossovers Percentage of 

(ce xX a) Cp — cP CP — cp Total crossovers 
Fido (CcPp) X ep 1542 230 1772 12.98 (+.612) 
Fi22(CcPp) X cp 1155 214 1369 15.63 (+.661) 
Coupling experiment 

(CP X ep) CP — cp Cp — cP 
F,33(CcPp) X ep 1638 273 IQII 14.28 (+.539) 
Fi22(CcPp) X cp 1190 230 1420 16.19 (+.652) 


Here is conclusive evidence that crossing over takes place in both 
sexes. Mice, therefore, are to be added to the list of animals in which 
this phenomenon occurs, which now includes the rat (Mus norvegicus), 
the grouse locust (Apotettix) as well as certain plants, e.g., Primula 
sinensis (ALTENBURG IQI0). 

The evidence for mice as given above seems to indicate that crossing 
over takes place more frequently in odgenesis than in spermatogenesis, 
since relatively more crossover gametes are produced by the F,; females 
than by the F, males. This difference is of doubtful significance, how- 
ever, for it is only slightly over three times its probable error. This 
may be seen from a retabulation of the data in table 2. 








TABLE 3 
| Crossover : Difference 
| Non-cross- | Crossovers Total percentage Ep Difference ———— 
overs (p) £ Difference 
All F, 3 2 3180 | 503 3683 13.65 +.381 2.26+.593 3.81 
All F,2 9 2345 | 444 2789 15.91 +.466 








Applying three times the probable error as a test of a significant differ- 
ence is a rigid criterion and does not exclude the possibility of some 
significance. It does, however, make the significance appear doubtful. 


e. Variations in crossover percentages 


In all work on linked genes considerable variation in linkage values 
has been noted between individuals and families as well as between ani- 
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mals of different age and sex and those in different environments. In 
these experiments the environmental conditions and the feeding were to 
a considerable degree constant and uniform. It is doubtful whether in 
warm-blooded animals temperature could have an important effect on 
the behavior of the chromosomes in gametogenesis, beyond an inhibitive 
effect of very high or very low temperatures on ordinary breeding activi- 
ties. Concerning the effect of age only very general statements can be 
made for no record was kept of* exact age of parents at the time that 
litters were born, and the addition of new young parents to the breeding- 
pens to replace casualties prevented a close study of this effect. How- 
ever, in general, there was a very slight and probably insignificant in- 
crease in the amount of crossing over from the beginning of the experi- 
ments to their completion. Animals were discarded after the climax of 
their breeding capacity had been reached so it is not known whether old 
age would have brought about any change in amount of crossing over. 

The variation of individual mice and of different pens in amount of 
crossing over was considerable but this is inevitable where one individual 
can furnish in its lifetime so small a sample of the whole result. The 
amount of crossing over was found to vary for individual fathers from 
0 to 50 percent for progenies of over 20 young each. Since crossing 
over is approximately equally frequent in both sexes this variation is 
probably similar for individual mothers. The same males which had 
given low or high crossover percentages with certain females did not 
maintain this percentage with other females. In this as in other linkage 
determinations these individual differences are probably due rather to 
the error of sampling than to genetic differences in amount of crossing 
over, and the results im toto are none the less reliable because of the 
presence of small individual variations. 


Linkage of red-eye and albinism in rats 


The discovery of linkage between the genes for red-eyed yellow and 
albinism in rats by CASTLE and WriGHT (1915) and CasTLE (1916) 
has provided the material for the experiments here reported, which are 
in continuation of the work of the above authors. The rapid spread of 
a serious infestation of parasites caused the practical discontinuance of 
the previous experiments with rats and has seriously hampered the pres- 
ent investigation.*® 

3 The parasite responsible for most of the trouble has now been identified as a 


minute sarcoptid mite, Sarcoptis notoedres (Bourg. and Delaf) var. muris (Megnin) 
which infests the extremities of the rat, chiefly ear, nose and tail. The presence of 
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In CastLe’s last report (1919) a very close linkage between the genes 
for red-eye and albinism was indicated and more data on this linkage 
was sought. The original cross of red-eyed yellow (CCrr) X albino 
(ccRR) has been repeated and a large first generation has been raised 
consisting entirely of dark-eyed, dark-coated animals (CcRr). These 
have been inbred and have produced a second generation of 1494 young 
distributed as follows: 


TABLE 4 
Dark-eyed | Red-eyed | Albino Total |. x P 

Observed .. 737 395 | 362 1494 
Expected (c 

and r in- 

dependent), 840.38 280.12 373.5 1494 | 61.09 .0000 
Expected (c 

and r com- 

pletely 

linked) ...| 747 | 373-5 | 373-5 1494 1.72 | .433 





The actual distribution is much closer to that expected on an hypothe- 
sis of complete linkage than it is to the proportions expected if c and r 
are independent. The hypothesis of independence is in fact excluded by 
the data. If a very small amount of crossing over has taken place, this 


this parasite is first noted from the appearance of the pinnae of the ears, near the 
margin of which may be seen minute swellings in the form of tubercles. These are 
the nests of eggs which have been laid by the female mite. They soon hatch and the 
young larvae in enormous numbers begin feeding on the substance of the pinna. 
They literally eat their way in toward the skull, sucking out the liquid constituents 
and leaving behind them a mass of dead dry tissue. At this time the ear is char- 
acteristically scabby and withered in appearance. The infestation soon spreads to 
the tail and nose and causes almost entire cessation of breeding activities in the 
infested rats. The disease is not immediately fatal although it shortens the life of 
the infested rats and since breeding ceases infested stocks soon die out. Various dips 
were tested in an attempt to control the spread of the parasite. The most helpful 
of these was a solution of sodium fluoride (1% ounces); powdered sulphur (4 
ounces) ; yellow soap (2/3 ounce); warm water (2 gallons). Young rats dipped in 
this solution at the time of weaning are seldom infested; older rats may sometimes 
be cured by repeated dippings at intervals of ten days or two weeks, although the 
older animals are often weakened by the parasite and succumb after dipping. The 
only satisfactory method was found to be individual applications to the infested parts 
of warm vaseline containing two percent carbolic acid and enough powdered sul- 
phur to make a workable paste. Although the spread of parasites was never ab- 
solutely controlled, the stock was kept in fairly good condition by dipping all rats 
when weaned and generally once thereafter, killing all cases of bad infestation, steril- 
izing all pens and using the salve treatment on animals which it was necessary to 
save. 
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should result in a slight deficiency in the dark-eyed class and a corre- 
sponding excess in the red-eyed class, as explained by CasTLE (1919). 
Both of these conditions are realized in the data, confirming the previous 
conclusions from tests of F, animals. 

The red-eyed F, class should normally consist of rats of genotypes 
CCrr and Ccrr but if c and r are linked the genotype Ccrr could only be 
formed by crossing over in the gametes of F,. Similarly the F, albinos 
should normally consist of genotypes ccRR, ccRr and ccrr, while if c 
and r are linked the last two classes could occur only as a result of cross- 
ing over. To measure the frequency of crossing over, F, reds were 
therefore tested by mating them with albinos; and F, albinos were tested 
by mating them with red-eyed yellows. Any F, red-eyed animal which, 
when tested in this way, produces albinos, and any F, albino which pro- 
duces red-eyed young, must have developed from an F, crossover gam- 
ete. Out of 135 F, animals thus tested, 130 produced only dark-eyed 
young (4 or more) while 5 produced dark-eyed and light-eyed (red- 
eyed or albino) young. The last named young were due to crossing 
over in 5 F, gametes. The total number of F, gametes responsible for 
the production of the 135 tested animals is 2 X 135 or 270. The cross- 
over gametes (5) are 1.8 (+ .54) percent of the total gametes and this 
may be regarded as a preliminary estimate of the linkage strength be- 
tween the genes for red-eye and albinism in rats. 


Arrangement of three linked genes in rats 


With quantitative data on crosses involving three linked genes in rats 
now available, we are in a position to represent graphically the rela- 
tionships of the genes c (albinism), r (red-eyed yellow), and p (pink- 
eyed yellow). Cr (ruby-eyed dilution) has been shown to be an allelo- 
morph of albinism and is evidently to be placed at the same locus with 
c. Assuming that the “distance” between genes is proportional to the 
amount of crossing over between them, the albino locus evidently occu- 
pies the end or zero position in this system of three. Its crossover value 
with red-eye is 1.8 + .54 percent with pink-eye 21.1 + 2.92 percent, 
while the red-pink crossover value is 18.3 + .38 percent. Considering 
the probable errors of the values involved, the mathematical relations of 
these three characters are such that the “distance” albinism-red (1.8) 
plus red-pink (18.3) equals approximately the distance albinism-pink 
(21.1). To satisfy this relation we may assume that the locus “r’” is 
between the loci “c” and “p” and on the same straight line with them. 
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Graphically the arrangement of the three linked genes in the chromo- 
some may be plotted to scale as follows: 


c r Pp P 


o 1.8 20.1 21.1 





The most reliable value, that for r—p was laid off first; then the next 
most reliable value (r—c) was laid off to the left of r. Using c asa 
base the value c—p (the least reliable) was measured along r—p. This 
gave the position p’ which was found to be to the right of p, an actual 
error of I unit. But a point can have but one locus. Therefore either 
cp’ is too long, or cr is too short, or the theory of linear arrangement 
does not fit the case. The first of these possibilities is the most prob- 
able cause of the error since the distance r—p is subject to but a small 
probable error and since the linear arrangement is within the probable 
errors involved. 

The above is essentially the arrangement assumed by MorGan, StTur- 
TEVANT, et al. (1915) for the linked genes of Drosophila and the pres- 
ent evidence from mammals appears to provide confirmation of the con- 
clusions already drawn from insect data. 

More work is necessary before the rat data can be regarded as form- 
ing a critical test of the linear arrangement hypothesis. In the discus- 
sion above I have used only the new data on the amount of crossing over 
between c and r. If to these data there are added CAsTLe’s (1919) 
earlier figures for this linkage (one crossover out of 434) the c—r value 
becomes .85 + .23 which on the linear hypothesis increases the actual 
error of c—p from I to nearly 2. If, then, the three genes c, r and p 
in rats are linearly arranged, the crossover value c—p, when larger num- 
bers are obtained, will be found to be less than the present figures. 

The occurrence of crossing over now makes possible the production 
of 4 race recessive in both red-eye and albinism, and when such rats are 
crossed with animals heterozygous in these genes (CcRr) a method of 
measuring the amount of crossing over directly and on a large scale will 


be available. Such a doubly recessive race is now in process of produc- 
tion. 


Comparative frequency of crossing over in males and females 
No direct data on comparative frequency of crossing over in the two 
sexes are provided by these results. Dr. CastLE has, however, kindly 
given me access to his data on the linkage of pink-eye and red-eye in 
rats. This evidence is presented in condensed form in table 5. 
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TABLE 5 
Comparative frequency of crossing over in male and female rats. 
| Crossover XP Difference' 
Non-cross- | Cross- Total percentage Ep | Difference | ————— 
overs | overs | (p) £ Difference 
| 
All F, 3 é 1742 21 2063 15.56 +.538 4904.75 | 6.51 
All FL22 2134 549 2683 20.46 +525 | } 








Applying the probable error of the difference in linkage values as 
a criterion, the greater frequency of crossing over in the female is sig- 
nificant. In mice where crossing over was also found in both sexes, the 
frequency was somewhat greater in the female than in the male. In 
mice, however, the difference was of doubtful significance, since it was 
only slightly greater than three times its probable error. In rats the 
difference is greater, and is equivalent to about 6.5 times its probable 
error. The difference is in the same direction in both rats and mice, 
for in both animals it is the female which produces the larger proportion 
of crossover gametes. From this it may follow that odgenesis differs 
from spermatogenesis in the frequency with which the hypothetical ex- 
change of genes takes place. 

The occurrence of crossing over in both males and females is char- 
acteristic of the only two mammals in which linkage has been studied. 
This fact deserves special mention, and one might be tempted to con- 
clude that sexual differences in crossing over vary on a quantitative scale 
in different animals. Thus in some animals crossing over never occurs 
in the male; in others it occurs very rarely in the male; while in others 
it occurs regularly but less frequently than in the female. On the other 
hand we have examples of its occurrence exclusively in the male, and all 
of these conditions are met with in fairly closely related orders of in- 
sects, Diptera, Orthoptera, and Lepidoptera. The same may prove to 
be true of mammals. Therefore no wide significance should be at- 
tached as yet, to the fact of crossing over in both sexes in mammals. 

The important point is the occurrence of differences in crossing over 
in the two sexes, for the logical a priori expectation is similarity. The 
behavior of the autosomes is apparently similar in both sexes during 
gametogenesis. This is witnessed by such genetic evidence as the data 
from the Drosophila gynandromorphs which show that the sexes do not 
differ in autosomal characters, each sex receiving a similar complement 
of autosomes by apparently similar methods. No crossing over in one 
sex appears, then, to be the anomalous condition which needs explana- 
tion. 
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It was formerly thought that no crossing over was a peculiarity of 
that sex which was heterozygous for the sex-chromosome. In Orthop- 
tera, however, the cytological evidence shows that the male is the hete- 
rozygous sex and recently crossing over has been reported in male locusts 
(Napours 1919). Likewise in rats and mice the male is apparently 
heterozygous for the sex element, and the genetic evidence shows that 
crossing over is independent of this fact. It is more or less apparent 
why crossing over of sex-linked genes does not occur in the heterozy- 
gous sex, for here the sex-chromosome has probably no exact homologue, 
though even here it may be found that the Y or zero chromosome may 
carry characters and take part in synapsis. But the fact remains that 
no crossing over or less crossing over in the autosome cannot be ex- 
plained by reference to the sex chromosome alone. 

The explanation of such puzzling differences is probably attainable 
only by cytological methods and evidence. The chromosomes appear to 
be so intimately concerned with linkage and with crossing over that one 
would naturally look for sexual differences in the structure or function- 
ing of these bodies to explain such sexual differences in crossing over. 
Such a comparison provides an interesting and difficult problem for 
cytologists. 


SUMMARY 


1. The localization of genes in mammals is discussed and possible 
reasons are given for the comparative infrequency with which linkage 
has been found in this class. 

2. The crossover value between the genes for pink-eye and albinism in 
mice is estimated to be approximately 14.5 percent based on 6749 ob- 
servations. 

3. Post-natal depletion of litters appears not to have seriously affected 
the crossover value. 

4. Crossing over is found to occur in both sexes in mice, with ap- 
proximately equal frequency, although there is some evidence that it 
takes place slightly oftener in odgenesis than in spermatogenesis. 

5. The crossover value between red-eyed yellow and albinism in rats 
is found to be approximately 1.8 percent based on 270 tested gametes. 
When the present figures are added to those obtained earlie= by CastLe, 
this crossover value is found to be about .8 percent on 704 tested 
gametes. 

6. The linkage relations of the genes for albinism, red-eye and pink- 
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eye in rats indicate that these genes are arranged in a linear order in one 
chromosome. 

7. Evidence from a large series of observations by CAasTLE, is ana- 
lyzed, and it is found that in rats crossing over occurs in both sexes, but 
somewhat more frequently in the female. The sexual difference, meas- 
ured by the probable error, is significant. It is suggested that since this 
difference appears in both rats and mice as well as in other animals, it 
may be due to sexual differences not yet discovered in either the struc- 
ture or functioning of the chromatin. 


LITERATURE CITED 


ALTENBURG, E., 1916 Linkage in Primula sinensis. Genetics 1: 354-366. 

CastLe, W. E., 1914. Some new varieties of rats and guinea-pigs and their relation to 
problems of color inheritance. Amer. Nat. 48: 65-73. 

1916 Further studies of piebald rats and selection with observations of gametic 
coupling. Carnegie Inst. Washington Publ. 241, pp. 175-180. 
1919 Studies of heredity in rabbits, rats and mice. Carnegie Inst. Wash. Publ. 

288, 56 pp. 

CAstLe, W. E., and Lite, C. C., 1909 The peculiar inheritance of pink eyes among 
colored mice. Science N. S. 30: 313-314. 

CasTLe, W. E., and Wricut, S., 1915 Two color mutations of rats which show par- 
tial coupling. Science, N. S. 42: 193-195. 

Cuénot, L., 1907 L’Hérédité de la pigmentation chez les souris. Arch. Zodl. Exp. 
et Gén. 6: I-13. 

DarpisHirE, A. D., 1904 On the result of crossing Japanese waltzing with albino 
mice. Biometrika 3: 1-51. 

DETLEFSEN, J. A., and Roserts, E., 1918 On a backcross in mice involving three alle- 
lomorphic pairs of characters. Genetics 3: 573-507. 

DuruaM, F. M., 1908 A preliminary account of the inheritance of coat color in mice. 
Rept. Evol. Comm. IV. p. 41. 

Ha.pang, J. B. S., Sprunt, A. D., and Hatpang, N. M., 1915 Reduplication in mice. 
Jour. Genetics 5: 133-135. 

HA.pANng, J. B. S., 1919 The probable errors of linkage values and the most accurate 
method of determining gametic from certain zygotic series. Jour. Genetics 
8 : 291-297. 

Morcan, T. H., Sturtevant, A. H., Mutter, H. J., and Brinces, C. B., 1915 The 
méchanism of Mendelian heredity. 262 pp. New York: Henry Holt & Co. 

Nasours, R. K., 1919 Parthenogenesis and crossing over in the grouse locust, Apo- 
tettix. Amer. Nat. 53: 131-142. 

Onstow, H., 1915 A contribution to our knowledge of the chemistry of coat colour 
in animals and of dominant and recessive whiteness. Proc. Roy. Soc. B 89: 
36-58. 

Waitinc, P. W., and Kine, H. D., 1918 Ruby-eyed dilute gray, a third allelomorph 
in the albino series of the rat. Jour. Exp. Zodl. 26: 55-64. 

Wricat, S., 1916 An intensive study of the inheritance of color and of other coat 
characters in guinea-pigs, with especial reference to graded variations. Car- 
negie Inst. Washington Publ. 241, pp. 59-160. 


Genetics 5: My 1920 








INDEPENDENT GENES IN MICE* 


L. C. DUNN 


Storrs Agricultural Experiment Station, Storrs, Connecticut 


[Received March 16, 1920] 


TABLE OF CONTENTS 


PAGE 
PC, Wraiop eee ietn se aseaee tars Cibewekwskedewnsingece DeMeEea cakes 344 
TE CN OE MONS DINE BREE avec osc cd 55 06 0 ccdeas eesubinbeneeeseessces 345 
Se GORGE GE DENS GE TODIOE o.oo... 5g: dines vindcienctescceees tecnves 348 
Me  COMIOR: GE MO G-OAOUES SHE BINNONE. 665.6 ocin cds c ccs ciestcweresceesvens ee sdcees 349 
ee Re ee Te eT ee ere ne ee 350 
The relationships of the gene for black-eyed white spotting with other genes 

Bh Ne x cane daeeek be cess skRas Kee ece ess das 60ics sue eee Reee es ek ee ys 351 

The relation of black-eyed white spotting and piebald spotting........ 352 
RVEREIION GE TIRES OE GROTIID 6.cks oikici sc cccencs cess cedesaeseveeetus 353 
The relation of black-eyed white spotting and agouti .................. 354 
The relation of black-eyed white spotting and pink-eye ................ 357 
OS PE Re ERM re een Sey ae ey oe ee en Oe, ee dey soe ee 359 
CIEE ions cr hows 4 sd peed eae ee ak eh nd beanie ee eee ou mees 360 
RCN CUE chido) we vary 5 cw wea dee saw een view cua depeeue hones PON ReENEL VED Sa 361 


INTRODUCTION 


One of the most fruitful hypotheses of recent research in genetics has 
been that connected with the localization of the hereditary determiners 
or genes. Under the name of the chromosome hypothesis of heredity 
this idea has undergone a rapid development. The residence of genes 
in the chromosomes is now well established, the main data in support of 
this theory having come from the experimental study of the linkage re- 
lations between genes for Mendelian unit characters. The study of the 
topography of the germinal material of as many species as possible is a 
necessary forerunner of a unified knowledge of heredity, and to this 
end it is advisable that the relationships between known unit characters 
be thoroughly investigated. Several cases of linkage between genes for 
color variations in rats and mice are now known and consequently we 
have some positive knowledge of the localization of certain genes in 
these species. We may widen this knowledge by the investigation of the 
relationships between other genes. Even if no additional linkages are 
discovered we may be informed by the evidence thus accumulated that 


*The studies on which this paper is based were made at the Bussey Institution, 


HARVARD UNIVERSITY. 
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certain genes are not linked with any others and are therefore presum- 
ably determined each in a separate chromosome. The experimental evi- 
dence to be presented here is drawn from investigations of this nature 
on the inheritance of several genes for color variations in mice. 

The linkage of the gene for pink-eye with the gene for albinism in 
mice (CASTLE 1919, DUNN 1920 a) established the identity of one chro- 
mosome. Using this as a base it was considered important to find out 
whether any other color characters were determined in this chromosome. 
Either pink-eye or albinism could be used as a reference character, and 
crosses of either of these with other characters should discover whether 
certain other genes were located in this chromosome or should be re- 
ferred to other chromosomes. For this purpose it was decided to use 
pink-eye (p) rather than albinism because its presence as well as the 
presence of other somatic characters with which its relation was to be 
tested is immediately discernible, while albinism does not allow the geno- 
typic content to express itself because albinos develop neither color nor 
pattern. 


THE RELATION OF PINK-EYE AND PIEBALD 


The first character tested for location in the albino chromosome was 
piebald or recessive spotting, for which the symbol “s” is used.* Its 
normal dominant allelomorph is self (symbol S). Piebald was selected 
because there was no significant amount of data on the relations of pink- 
eye and piebald. Pink-eye had shown no linkage with agouti, yellow, 
black. or brown in the data of LitrLe (1913), LitTLe and PHILLIPs 
(1913), and DrTLeFsEN and Rogperts (1917), and the numbers in- 
volved were large, so that it was not thought necessary to repeat the ex- 
periments. 

A description of the character piebald in mice may be found in the 
works of Cu£Not (1902 to 1911) and LirrLe (1915), and an account 
of its variability by the author (DuNN I920b). A brief description 
will therefore suffice for our present purposes. Piebald mice are spotted 
with white on a ground of any color. The white areas vary consider- 
ably in extent from a small ventral patch covering 12 percent or more 
of the belly to a condition in which the dorsal surface is 50 percent white 


1 The established symbol for piebald spotting Has been “sp” (Lirtte 1915). It has 
been considered better to denote this character by only one letter, following the more 
general custom of Mendelian nomenclature; especially since the occurrence of “sp” 
in formulae containing “p” (pink-eye) is likely to be confusing to the reader. 
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and the belly 85 percent white. The distribution of the white areas fol- 
lows no such definite pattern as the Dutch markings of belted cattle or 
the Dutch spotting of rabbits, with which characters the piebald of mice 
is in other respects quite similar. An approach to a belt of white about 
the center of the body and a “white face” or “blaze” condition is often 
seen, due perhaps to modifiers of the central gene for piebald. The gene 
for piebald determines only the spotted condition as contrasted with self, 
while the amount and distribution of the spotting appears to be de- 
termined by other modifying genes not yet analysed (LITTLE 1917, 
DuNN 1920b). When piebald is crossed-with self only self mice result, 
with an occasional very small spot of white. Such mice interbred, pro- 
duce on the average three self mice to one piebald, showing that piebald 
differs from self in one cleanly segregating character. 

The stocks available at the beginning of the experiment were dark- 
eyed piebalds (PPss) and pink-eyed self mice (ppSS). The genes p 
and s therefore entered the experiment separately, in different parents. 
Matings were made between dark-eyed spotted males and pink-eyed self 
females and an equal number of matings was made between dark-eyed 
spotted females and pink-eyed self males. The first generation from 
these reciprocal crosses was the same in both cases. It consisted of 557 
self mice, all dark-eyed with the exception of 52 which came from dark- 
eyed spotted parents heterozygous in the gene for pink-eye (Ppss). The 
dark-eyed self F,’s were presumably of genotype PpSs and these hete- 
rozygotes were mated inter se to produce the second generation. The 
second generation consisted of a total of 774 animals whose distribution 
is given below compared with the distribution expected if the genes p 
and s assort independently in the heterozygote. 


TABLE I 
F, generation from cross of pink-eyed self (pS) X dark-eyed piebald (Ps). 


“|i Jark-eyed Pink-eyed ‘ Dark-eyed Pink-eyed 
| self (PS) | self (pS) |piebald (Ps)|piebald (ps)| Total 











Observed 436 145 | 150 43 | 774 
Expected 435.4 145.1 145.1 48.4 774 
x’ = .14406 P= approximately 12 


2 The mathematical criterion used for judging goodness of fit of an observed to a 


ee ee : clin ag 
hypothetical distribution is that of Pearson (y? = 2 ————) aided by Experton’s 
c 


values of P corresponding to values of y*. The “expected” or hypothetical distribu- 
tion is in each case that required by independent (non-linked) assortment of genes. 
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The actual distribution is extremely close to the expected and appar- 
ently the F, heterozygotes formed gametes PS, pS, Ps and ps in num- 
bers so nearly equal that the chance that p and s are linked is practically 
zero. Nevertheless a further test for even an extremely small amount 
of linkage was made by mating the F, heterozygotes (PpSs) to the 
double recessive pink-eyed piebalds (ppss) obtained in the second gen- 
eration. 

If p and s are independent the heterozygote PpSs should form equal 
numbers of four sorts of gametes, PS, ps, Ps and pS which if united 
with ps gametes from the double recessive, should produce equal num- 
bers of the four possible combinations of pink and piebald. This cross 
actually produced 1172 young falling into the following distribution as 
compared with the distribution expected. 


TABLE 2 
Back-cross of F, [from cross of pink-eyed self (pS) X dark-eyed piebald (Ps)] to 
pink-eyed piebald (ps). 
~ | Dark-eyed ; Pink-eyed ; Dark-eyed | Pink-eyed 
self (PS) | self (pS) |piebald (Ps)\piebald (ps) Total 








Observed 291 3 308 


Expected 293 | 29: 


wn 


8 1172 x = 6.61 
1172 P= £67 


25 
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The distribution observed deviates widely from that expected if p and 
s are independent. Its salient features are an excess of self mice (606) 
over piebald (566); of dark-eyed (599) over pink-eyed (573) and the 
consequent deficiency of the pink-eyed piebald class. This class was 
deficient also in the F, distribution and it is probable that these depar- 
tures from expectation are due to one cause, viz., the grading of certain 
pink-eyed piebalds as selfs, especially since the pink-eyed self class ex- 
hibits the greatest excess. The contrast between white and colored spaces 
is sometimes very slight on young pink-eyed mice, especially when dilu- 
tion is present. Some piebald mice are spotted only on the belly and as 
this region is usually lighter in color, the contrast is even less and a 
few errors would be likely to occur. 

The new combinations (crossovers) number 549 while the grand- 
parental combinations (non-crossovers) number 623.° One of the non- 


3If this inequality be explained by linkage the crossover value may be computed as 
46.84 percent which is subject to a probable error of + .97 (cf. HALDANE 1919, and 
DuNN 1920 a). The difference between this crossover value and the normal value of 
50 percent, expected if no linkage occurs, is 3.16 which is 3.2 times the probable error. 
Since the departure from expectation appears to be largely due to errors in grading 


it is not regarded as sufficient to exclude the hypothesis of independence of p and s. 
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crossover classes, pink-eyed self, has probably been factitiously enlarged 
at the expense of the crossover class pink-eyed piebald, while the other 
non-crossover class is more nearly normal. These facts considered in 
connection with the normal distribution of the second generation, which 
according to HALDANE is, in the case of repulsion, nearly as sensitive a 
test of linkage as the back-cross, make it seem probable that no linkage 
occurs between the genes for pink-eye and for piebald. 


RELATION OF PINK-EYE AND NON-AGOUTI 

Another relationship of the gene for pink-eye was tested incidentally 
in the crosses reported above, and the data may be added to the evidence 
already obtained on this point by LitrLe and PHILLIPs (1913), and 
DETLEFSEN and RosBerts (1917). Certain F, mice (AaPp) were mated 
with mice recessive in both of these genes (aapp), viz., pink-eyed blacks 
or browns. From such crosses four types of young are expected, and 
if a and p are independent these types should be equally numerous. The 
observed and calculated distributions follow. 


TABLE 3 
Back-cross of F, [from cross of pink-eyed agouti (Ap) X dark-eyed non-agouti 
(aP)] to pink-eyed non-agouti (ap). 














Dark-eyed | Pink-eyed | Dark-eyed | Pink-eyed | 
agouti agouti non-agouti | non-agouti | Total 
Observed | 248 234 | 240 213 935 x’ = 2.87 
Expected 233.75 | 233.75 233.75 233.75 935 P = .40 


The distribution obtained conforms fairly closely to that expected if 
a and p are independent genes. The number of new combinations 
(crossovers, AP and ap) is 461 which is very nearly equal to the num- 
ber of grandparental combinations (non-crossovers, Ap and aP) which 
is 474. Evidently the distribution as regards linkage only fits the 
hypothesis of independence. There is however a marked deficiency in 
the double recessive class, pink-eyed non-agouti. This appears to be due 
to the fact that the total agoutis (482) outnumbered the total non- 
agoutis (453) while the total dark-eyed mice obtained (488) outnum- 
bered the total pink-eyed mice (447). This same phenomenon was in 
evidence in the larger series of young from this cross recorded by 
DETLEFSEN and Roserts. The same cause to which these authors 
ascribed the distorted ratio appears to have been operative in the present 
experiment, namely, differential mortality in the litters between birth 





INDEPENDENT GENES IN MICE 349 


and the time of recording young (two weeks) resulting in a greater 
survival of agouti and of dark-eyed young. 


RELATION OF NON-AGOUTI AND PIEBALD 


Other incidental data have been extracted from the data dealing with 
the inheritance of pink-eye and piebald. The original cross was between 
agouti self (AS) mice and non-agouti piebalds (as). The genes a and s 
should then show coupling in the F, heterozygotes if there is linkage 
between a and s. Heterozygotes from this cross were agouti and self 
(AaSs). These were mated with non-agouti piebalds (aass). From 
this cross issued the following distribution: 


TABLE 4 
Back-cross of F, [from cross of agouti self (AS) X non-agouti piebald (as)] to 
non-agouti piebald (as). 








| Agouti .Agouti | Non-agouti | Non-agouti | 
| self (AS) piebald (As)| self (aS) ‘piebald (as) Total | 





Observed | 221 179 183 200 783 x’ = 5.60 
Expected | 195.75 195.75 | 195.75 195.75 783 |P = .13 








The fit of the observed distribution to that expected if a and s are not 
linked is not good. It is not, however, so poor as to exclude the inter- 
pretation of the results on the basis of independent random assortment 
of the two genes concerned. The frequencies of the observed classes 
deviate from the normal in a definite direction. The original combina- 
tions (non-crossovers, agouti self and non-agouti piebald) are in excess 
of the new combinations (crossovers, agouti piebald and non-agouti 
self) ; actually these classes are as 421: 362. This distortion does not 
appear to have been due to any serious inequalities between the agouti 
and non-agouti classes for these are nearly equal 400: 383 (expected 
391.5: 391.5). Nor is the aberrancy due to serious excess of selfs over 
piebalds. Actually these classes are as 404: 379, and the discrepancy is 
equally distributed between crossover and non-crossover classes. The 
salient feature is undoubtedly the greater frequency of the original com- 
binations over the new, and if this discrepancy is significant, it indicates 
linkage between non-agouti and piebald. 

To measure the significance we may assume provisionally that a and 
s are linked, and calculate the crossover value from the distribution ob- 
served. The crossover classes As and aS total 362 which is 46.23 per- 
cent of the total gametes formed by F, (783). This value has a prob- 
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able error of + 1.20. If a and s are not linked the crossover and non- 
crossover classes should be equal, that is, the crossover value should be 
50 percent. The deviation of 46.23 percent from 50 percent is 3.1 
times the probable error. Applying YuLe’s criterion that three times 
the probable error indicates a significant deviation, the departure from 
expectation in the present case may be significant. Apart from purely 
mathematical measures of significance, the following facts point to 
linkage. The classes agouti and non-agouti occur with equal frequency 
as expected; an error in grading some piebalds as selfs would in this 
case increase equally one non-crossover class and one crossover class so 
that such an error if it occurred would be compensatory. On the other 
hand, there are considerations which should make us chary of stating 
from these data that linkage occurs between non-agouti and piebald. 
The data were gathered for another purpose and not with the primary 
intention of testing the relationships between non-agouti and piebald. 
The large class in the distribution is agouti self which may have a 
greater survival value than other classes. Finally from a mathematical 
standpoint the number of the animals bred is small and the linkage 
value is close to 50 percent and has a large probable error, while the 
method of measuring a significant deviation by thrice the probable error 
is at best approximate. Therefore it is thought best to hold the conclu- 
sion in abeyance until more animals are added to the distribution. All 
crosses bearing on this point are being continued and it is hoped that 
additional data will be available soon. 


NON-AGOUTI—ALBINO CROSSES 


A few crosses were made in repetition of a cross reported by HaGe- 
DOORN (1914) who bred agoutis heterozygous for agouti and albinism 
(AaCc) to albinos which lacked the agouti factor (aacc). HaAGEDooRN 
recorded only agoutis (AaCc) and albinos (aacc) from this mating and 
assumed in explanation that a and c were completely linked showing in 
this case complete repulsion. LitrLe (1914) in a criticism of HaGeE- 
DOORN’S interpretation pointed out that the results obtained appeared, in 
the light of other experiments, to be anomalous. I have repeated Hace- 
DOORN’S experiment using mice of the same genetic constitution as those 
used by him. The double heterozygote (AaCc) mated to the double re- 
cessive (aacc) has produced to date 14 agoutis (AC), 10 non-agoutis 
(aC), and 22 albinos (Ac and ac). The expectation if a and c are in- 
dependent (11.5 agoutis: 11.5 non-agoutis: 23 albinos) is hence closely 
approximated, whereas on HAGEDooRN’s hypothesis no agoutis should be 
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produced. This evidence is small in numbers but sufficient to show that 
a and c are not completely linked and that HacEepoorn’s hypothesis is 
not applicable. 


THE RELATIONSHIPS OF THE GENE FOR BLACK-EYED-WHITE WITH OTHER 
GENES IN MICE 


The data considered in the ensuing paragraphs deal for the most part 
with the variety of mice known as black-eyed-whites, in which pigment 
occurs in very limited amounts including usually only eyes, head, and 
rump while the rest of the pelt is white. Superficially, some of these 
mice resemble albinos, for the spotting may be so extreme as to produce 
an entirely white mouse, but somatically and genetically this variation 
is distinct from albinism, for the eyes are always colored, while the eyes 
of albinos are pink and entirely devoid of pigment; further LitTLe has 
found that the gene for black-eyed-white is not allelomorphic with that 
for albinism but separate and distinct. 

After some preliminary work in this variation by CuENoT (1903- 
I911), Miss DuRHAM (1908), and MorGan (1909), LITTLE (1915) suc- 
ceeded in analysing it. Black-eyed-white spotting he found to be a dis- 
tinct variation and not merely the extreme of a continuous series in which 
piebald and self were the darker members. Crossed with piebald, black- 
eyed-white produces only black-eyed-white and piebald young in equal 
numbers; crossed with black-eyed-whites like itself, it produces black- 
eyed-white and piebald in the ratio of 2: 1; crossed with self mice it pro- 
duces two types in equal numbers. One of these types is spotted with 
white in an irregular and varying distribution; the other type is self or 
nearly so. The first of these LirTLe has called type “A” and the second 
is his type “B.” From such experimental data LirrLe concluded that the 
black-eyed-white variation was due to a gene independent of and sup- 
plementary to the gene for piebald spotting. In crosses this gene be- 
haved as the dominant allelomorph not of piebald or of self, but of 
something which can only be defined as’ not-black-eyed-white. To rep- 
resent the gene for black-eyed-white LittLE used the symbol “W,” and 
for its normal allelomorph “wz.” Black-eyed-whites have been found not 
to breed true. They always give both black-eyed-whites and piebalds. 
They are “unfixable” heterozygotes, like yellows and must be repre- 
sented by Ww. They are however, homozygous for piebald which Lir- 
TLE represented by the symbol “sp” (“s” in the present notation”). The 
formula for black-eyed-white is then in full Wwss. When mated to- 
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gether, chance combinations of their gametes should produce some zy- 
gotes pure for W. LittrLe (1919) later found evidence that such zy- 
gotes were formed but died in utero and hence were missing from the 
animals born. This heterozygous nature of black-eyed-whites explains 
why two types of young are produced in crosses with self. The spotted 
young (type A) are due to a union of the gamete containing W with 
the self gamete and are genetically WwSs. Both gametes produced by 
the black-eyed-white contain s, because type A interbred has produced 
black-eyed-white, type A, piebald and self, while type B interbred has 
produced only self and piebald, and has proved to be an ordinary hete- 
rozygote between piebald and self (Ss). 


The relation of black-eyed-white spotting and piebald spotting 

Interest in the relationships between these alternative conditions of 
coat patterns in mice leads naturally to the question, If black-eyed-white, 
piebald and self are not mutually allelomorphic, how are they related? 
The evidence is conclusive (vide supra) that piebald and self are allelo- 
morphic; that is, that these alternative conditions are determined at the 
same locus in the same chromosome. Where with reference to this 
locus are we to place black-eyed-white? If at the same locus, W and s 
(or S) could never enter the same gamete. But since in the cross black- 
eyed-white < self, W and s, and W and S are known to have entered 
the same gamete, this cannot be true. W, therefore, is determined at 
a different locus. If this is in the same chromosome with the S—s 
locus, then W and s, when entering the cross together, should tend to 
remain together, and when entering separately, should tend to remain 
separate. In other words, these two genes should give evidence of being 
linked. If in different chromosomes, W and s should assort indepen- 
dently and give no evidence of linkage. The critical test of this rela- 
tionship is the cross of black-eyed-white with self. Here W and s enter 
the F, zygote to form type A, which we may represent as WwSs. To 
test the gametes formed by this zygote it should be mated to the double 
recessive, piebald (zuwss). If W and s are independent, F,’s of type A 
should form four types of gametes in equal numbers, (1) one with both 
W and s, (2) one with neither W nor s, (3) one with W and lacking s, 
(4) one with s.and lacking W. If W and s are linked, types 3 and 4 
can only be formed by crossing over and should then be less numerous 
than 1 and 2. When this back-cross is made four types of young are 
produced as follows: black-eyed-whites, type A, piebald and self. Black- 
eyed-whites and selfs are easily differentiated and form the theoretical 
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non-crossover classes. Type A and piebald are subject to considerable 
overlapping, are hard to distinguish, and taken together, should give the 
total crossovers. My figures for this distribution are as follows: 


TABLE 5 
Black-eyed-white (Wwss) X self (wwSS). Test cross of rs type A (WwSs) X 
piebald (wwss). 
Black-eyed Piebald (wwss) ae ity Semidibeha a jae ils 











white Type “A” Self (wwSS) | Total 
(Wwss) (WwSs) 
Observed 114 218 117 449 x’ = .416 
Exbected 112.25 224.5 112.25 449 P=practically 1 





Mathematically, the fit of the actual distribution to that expected if W 
and s are independent genes,.is extremely good, and excludes any other 
interpretation for the relationship of these genes. It follows that the 
loci of the genes for these two kinds of spotting in mice are presumably 
in different chromosomes.* This forms an interesting contrast with the 
conditions obtaining in rabbits, as recently reported by CasTLE (1919). 
In rabbits the genes for English (dominant) spotting and for Dutch 
(recessive) spotting appear to be properties of a single locus. CASTLE’s 
evidence shows them to be either allelornorphic or completely linked. 
The piebald spotting of mice and the Dutch spotting of rabbits appear 
to be homologous variations similar in appearance and in genetic cause. 
The black-eyed-white spotting of mice and the English spotting of rab- 
bits are different in appearance and this difference is reflected in the 
distinctness of the genes by which they are determined. The fact that 
both are dominant forms of spotting is thus seen to be an entirely super- 
ficial resemblance. 


Investigation of types of spotting 

Before proceeding to the study of relationships of the gene for black- 
eyed-white with other genes it was found necessary to study the vari- 
ability of the various types of spotted mice, in order that the ranges of 
each type of spotting might be established and that animals resulting 
from crosses of black-eyed-white with other forms might be classified 
correctly. This study showed that there was more variability in the 
expression of the gene for black-eyed-white than had been thought pre- 

These are essentially the conclusions indicated by Lirrite’s (1917) data. The 
present work is not intended merely as supplementary to his but has a distinct ob- 


ject, the investigation of possible linkages in mice. 
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viously. It was found, for instance, that black-eyed-white mice may 
exhibit nearly as much pigment as piebalds, and that the heterozygotes 
containing the genes for black-eyed-white, piebald and self (type A) are 
indistinguishable somatically from piebalds and in some cases from selfs. 
The results of this study have only an indirect bearing on the localiza- 
tion of genes and are therefore presented in a separate report (DUNN 
1920b). All mice bred in the course of the experiments treated here- 
after were carefully graded and classified according to the principles 
established by the study referred to above. 


The relation of black-eyed-white spotting and agouti 

LitTLE (1917b) has presented evidence indicating the independence 
of the genes for black-eyed-white and yellow. This relationship may 
be tested either by crosses of black-eyed-white with yellow or by crosses 
involving black-eyed-white and agouti, since agouti , non-agouti and yel- 
low are allelomorphs and should bear the same relationships to other 
genes. The latter method was chosen for the present study since LITTLE 
by crosses directly involving yellow and black-eyed-white had established 
the important fact that the lethal element connected with back-eyed- 
white was distinct in origin and effect from the lethal of yellow, and 
that consequently litters in which both yellow and_ black-eyed-white 
were present, were subject to reduction from two sources, due to the 
prenatal mortality from both of these lethals. The cross of non-agouti 
black-eyed-whites with agouti self introduces only one lethal and should 
therefore produce larger litters. 

Crosses were made between pure wild agouti mice (AASSww) and 
non-agouti black-eyed-whites (aassVw). All F, young were agouti 
(83). Approximately half (42) were self (AaSsww), and half (41) 
were spotted type A (AaSslV’w). The spotted young were heterozygous 
for agouti and for black-eyed-white, having received one gene from one 
parent and the other gene from the other parent. The gametes formed 
by this heterozygote should then be as regards a and W, (1) Aw (2) 
aW (3) AW (4) aw. If A and W are independent, all four sorts of 
gametes should be equally numerous. If A and W are linked they should 
in this case show repulsion, resulting in relatively fewer of sorts (3) 
and (4), for the latter could only be due to crossing over. To discover 
which of these contrasted hypotheses is the true one, the F, “type A” 
mice (AaSsWw) were crossed with mice recessive in both genes, black 
or brown piebalds (aassww). There resulted six visibly different classes 
of young, in the following proportions. 
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TABLE 6 


Cross of non-agouti black-eyed-white (aassWw) X agouti self (AASSww) ; test cross 
of F, type “A” (AaSsWw) X non-agouti piebald (aassww). 

















Non-agouti; Agouti Non-agouti Agouti Non-agouti | 
| b.-e.-white | spotted spotted self self Total 
aWV |4W and AwaW and aw Aw aw 
Observéd 41 4! 76 41 43 306 
Expected 38.25 38.25 76.5 38.25 38.25 306 








The mice classified as “spotted” are all similar in appearance to pie- 
balds and type A in amount of spotting, and consist as is known from 
experiments on spotting alone, of two genetically distinct classes WwSs 
and wwess. The first of these is type A and the second is piebald, but 
the somatic expression of these genetic combinations is so similar that 
they cannot be distinguished directly. Therefore they have been classed 
together. The distinguishable crossovers are represented by only two 
classes, agouti black-eyed-white (AW) and non-agouti self (aw). The 
distinguishable non-crossovers are non-agouti black-eyed-white (aW) 
and agouti selfs (Aw). The sum of the visible crossover classes (84) 
is found to be approximately equal to the sum of the visible non-cross- 
overs (82). In each of the spotted classes are contained both cross- 
overs (AW and aw) and non-crossovers (aW and Aw) and it must be 
supposed that these occur in the same frequency as in the immediately 
visible classes. The total of the “spotted” is 140, composed presumably 
of 70 crossovers and 70 non-crossovers. The calculated total crossovers 
are then 84 plus 70 or 154 and the calculated total non-crossovers are 
82 plus 70 or 152. 

A few crosses were made between non-agouti black-eyed-whites and 
agouti selfs which carried the gene for piebald. From such crosses re- 
sulted a few agouti black-eyed-whites which were heterozygous for 
agouti and black-eyed-white (Aass!W/w), A and W having entered sepa- 
rately. These lacked the gene for self and therefore offered better ma- 
terial for testing for linkage between A and W since when crossed with 
non-agouti piebalds only black-eyed-whites and piebalds resulted, and 
these classes can be immediately distinguished. The frequency of the 
combinations Aw, aW and aw in the gametes of the heterozygote can 
therefore be calculated directly from the somatic ratio in which the 
young are produced. 

Such tests produced the following distribution: 
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TABLE 7 
Cross of non-agouti black-eyed-white (aassWw) X agouti self carrying pie- 
bald (AASsWw). Test cross of F, agouti black-eyed-white 
(AassWw) X non-agouti piebald (aassww). 











Agouti Agouti Non-agouti Non-agouti | 
b.-e.-white piebald b.-e.-white piebald | Total 
AW Aw alV aw 
| | : 
Observed 28 27 25 32 112 
Expected 28 | 28 28 28 II2 





If linkage occurs between A and IW the two genes should in this case 
show repulsion. On this basis the crossovers (AW and aw) number 


60 while the non-crossovers (Aw and all’) number 52. 


In all the tests reported above the two genes A and W entered the ex- 
periments separately (repulsion). To complete the test, crosses were 
made in which the two genes entered the experiment together, and if 
they are linked they should in this case exhibit coupling. From the 
test crosses of animals heterozygous in agouti and black-eyed-white there 
were produced a number of agouti black-eyed-whites (AassWw) which 
had received A and W from the same parent. These were tested by 
mating them with non-agouti piebalds. These matings have produced 


but few young at present but are being continued. 


TABLE 8 
Test cross of agouti black-eyed-white (AassWw, A and W enter 
together) X* non-agouti piebald. 








| ~ Agouti Agouti Non-agouti Non-agouti | 
| b.-e.-white | piebald b.-e.-white | piebald | Total 
(AW) (Aw) (aW) | (aw) | 
Observed | 36 22 22 34 114 
Expected | 28.5 28.5 28.5 28.5 II4 


The crossovers in this case are Aw and alWV of which there are 44, 
while the non-crossovers (AW and aw) number 70. In the light of the 
evidence from the preceding tests the excess of the non-crossovers in 


the last cross is probably due to the dearth of numbers. 


Combining the figures from all test crosses involving both A and W 
we have the following totals: non-crossovers 274;‘crossovers 258; total 
532. If A and W are not linked these classes should be equal, 266: 266. 
The closeness with which the observations approximate this last expec- 
tation indicates that probably no linkage occurs between A and W and 


that they are hence located in different chromosomes. 
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The relation of black-eyed-white spotting and pink-eye 


Late in the experiments it was decided to test the relationship of the 
gene for black-eyed-white with that for pink-eye, to determine whether 
these two genes were linked or independent. DETLEFSEN (1916) had 
shown that these two genes were distinct and that in the second genera- 
tion from a cross between them there were produced “pink-eyed-white” 
mice which carried the color factor. Somatically some of them re- 
sembled albinos, but the likeness ended with the pink eyes, since pig- 
ment characteristic of pink-eyed mice was present in the same parts 
which are pigmented in black-eyed-white mice. Genetically these mice 
were ppssWw, while full-colored dark-eyed black-eyed-whites are 
PPssWw. The possible production of such pink-eyed animals resem- 
bling albinos or with very small amounts of pale color, required a modi- 
fication in the plan of the experiments and a test was sought whereby 
the presence of W in a pink-eyed animal might be manifested by some 
condition other than the black-eyed-white pattern. The cross of a dark- 
spotted type (SSWw) in which W produces a small amount of white 
because acting on self, with piebald (wwss) produces two types of off- 
spring. One is type A spotted (Ss/W/w) and the other is self (Ssww) 
The inheritance of W is hence traceable somatically with a smaller 
chance of error in classification since only two types are produced. Con- 
sequently dark-spotted animals which were also heterozygous for the 
gene for pink eye (PpSSWw) were crossed with pink-eyed piebalds re- 
cessive in these three genes (ppssww). The genes P and W had entered 
the heterozygote together and should hence show coupling if they are 
linked. This cross should in that case produce relatively more of the 
combinations PW and pw (dark-eyed spotted and pink-eyed self) and 
relatively fewer of the combinations Pw and pW (dark-eyed self and 
pink-eyed spotted). If P and W are independent, equality of these four 
sorts is expected. The cross has produced young as follows: 


TABLE 9 

Test cross of mice heterozygous in black-eyed-white and pink-eye 
(PpSSWw) X pink-eyed piebalds (ppssww). 

Dark-eyed , Dark-eyed | Pink-eyed Pink-eyed | 


| 











spotted self spotted self Total 
(PW) (Pw) (pW) (pw) 
Observed | 16 21 22 23 82 
Expected 20.5 20.5 20.5 20.5 82 
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Je 


Equality of the four sorts of gametes and hence independence of W 
and P are indicated. The numbers are however too small to be signifi- 
cant. The total crossovers (wP and Wp) are 43; the total non-cross- 
overs (WP and wp) are 39. 

Although it is believed that the cross, the results of which have just 
been presented, is the proper and most accurate method of testing the 
relation between black-eyed-white and pink-eye, the results of other tests 
show that there is less danger of confusion between “pink-eyed whites” 
and albinos than had been feared. As a matter of fact no albinos ap- 
peared in the experiments concerned with this linkage, all the young 
having a discernible amount of pigment in the fur. Therefore the re- 
sults of other crosses involving /V and P are sufficiently accurate to be 
included in the totals. 

Dark-eyed animals of type A (PpSslVw) had resulted from crosses 
of pink-eyed white (ppss/’/w) with dark-eyed self (PPSSww). The 
genes WV and P had then entered the heterozygote separately and if 
linked should show repulsion. The young produced by matings of such 
heterozygotes with the double recessive, pink piebald (ppssww) are 
given in the first line of the following table. Similar tests were made 
using as the double heterozygote type A’s which had received W and P 
from the same parent (coupling). The results of this cross are given 
in the third line of the table 


























TABLE 10 
Tests of type “A” mice heterozygous in W and P (PpSsWw) X pink-cyed piebalds (ppssww). 
Dark-eyed Pink-eye« n 
Black-eyed | Pink-eyed spotted spotte r | Dark-eyed | Pink-eyed | 
white white (PW and (pW and | self self Total 
(PW) (pW) Pw) (Pw) (pw) 
P and W en- | | 
together 9 5 20 II 8 9 62 
Expected 7.75 7.75 15.5 15.5 7.75 7.75 | 62 
P and W en- | 
ter separate- 
Seebswan se II 4 18 9 4 | 10 590 
7.37 7.37 14.76 14.76 7:37 | 7.37 59 





The immediately distinguishable non-crossovers in the first mating are 

a a : 
PW and pw, total 18; the crossovers are Pw and plV, total 13. The 
occurrence of these combinations in the “ 


spotted” classes may be as- 
sumed to be in the same proportions (18:13) and the 31 spotted may 
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then be divided roughly into 18 non-crossovers and 13 crossovers. Simi- 
larly in the second mating the observed non-crossovers Wp and wP are 
11, and the observed crossovers are 21. The calculated non-crossovers 
in the “spotted” classes are 9 and the calculated crossovers are 18. 

One other series of matings remains which may be added to the above 
totals. This consisted of test crosses of black-eyed-whites carrying the 
gene for pink-eye (PpssWw, W and P entering separately) with pink- 
eyed piebalds (ppssww). 

TABLE II 
Test cross of black-eyed-white heterozygous in P and W ( enter 
separately) X pink-eyed piebald. 
Black-eyed | Pink-eyed | Dark-eyed | Pink-eyed | 





white white piebald piebald Total 
(WP) (Wp) (wP) (wp) 
Observed 21 21 17 21 80 
Expected 20 20 20 20 80 





Here all classes are immediately distinguishable. The non-cross-overs 
(Wp and wP) number 38 and the crossovers (VP and wp) number 42. 

Adding together the numbers of non-crossovers and crossovers from 
all the matings: 








TABLE I2 
_ s <= Non-crossovers Crossovers | Total 
W and P enter| 39 43 82 
together | 36 26 62 
W and P enter| 20 30 50 
separately | 38 | 42 80 
Totals 133 150 283 








The totals obtained are too small to afford a final test of the hypothe- 
ses of linkage or independence of W and P. The appreciable excess of 
crossovers nevertheless creates a strong presumption in favor of regard- 
ing these two genes as independent. 


SUMMARY 
The object of the experiments here reported was to determine through 
an experimental investigation of linkage relations, the loci of certain 
genes for color variations in mice. 
The following results have been obtained. 
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1. Pink-eye and piebald spotting segregate from the heterozygote at 
random in a total of 1946 observations. Their genes are probably not 
linked but are located in different chromosomes. 

2. Additional evidence is added to that already extant, confirming the 
independence of pink-eye and non-agouti. 

3. Evidence comprising 783 observations indicates a slight linkage 
46.23 percent + 1.2 between the genes for piebald spotting and non+ 
agouti. The departure of the observed ratio from that expected if these 
genes are independent-is however of doubtful significance. 

4. Black-eyed-white spotting and piebald spotting are neither linked 
nor allelomorphic, but are properties of distinct loci in different chro- 
mosomes. This conclusion, following a preliminary and similar one by 
LITTLE, is based on 449 direct observations. 

5. Black-eyed-white and agouti segregate purely at random and show 
no evidence of linkage in 532 observations. 

6. Black-eyed-white and pink-eye in a short series of data (283 ob- 
servations) appear to be due to genes independent in heredity and prob- 
ably located in different chromosomes. 

7. Positive evidence is presented which indicates that HAGEDOORN’s 
hypothesis of complete linkage between non-agouti and albinism is either 
erroneous or applicable only to his data as a special case. 


CONCLUSIONS 


No new cases of linked genes in mice have been added to the one al- 
ready investigated, viz., albinism and pink-eye. Other genes which the 
evidence indicates are not located in the albino chromosome are (1) 
non-agouti, and therefore its allelomorphs agouti, yellow and light-bel- 
lied agouti; (2) piebald spotting; (3) black-eyed-white spotting. The 
probabilities are that albinism and pink-eye constitute one group; the 
agouti allelomorphs are the only certain representatives of a second to 
which possibly piebald may also belong; while a third is represented only 
by black-eyed-white spotting, and a fourth by piebald spotting (if it 
proves not to be linked with agouti). Thus four groups of genes are 
provisionally established, representing four of the 19 autosomes of mice. 
The work of other investigators (LittLe, Puitiips, DeTLEFSEN and 
Roserts) showed that black and brown may constitute a fifth group and 
that dilution is probably not linked with agouti, black or pink-eye. The 
position of dilution with reference to other genes, and the position of 
waltzing are still to be determined. 
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